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ABSTRACT 

Reaction rates in Basic Oxygen Stee1making have been studied by 

low and high temperature mode1s. Modified Froude Number similarity was 

maintained in the mode1 systems. 

Emu1sification of the lower layer into the upper layer by the gas 

jet was observed in a11 systems. High speed photography revea1ed agas 

cavity which penetrates through the upper layer into the lower liquid layer. 

The cavity is uns table in both the horizontal and the vertical 

plane and was observed to oscillate between a maximum and minimum penetration, 

the minimum penetration terminating with ejection of the lower 1iquid in 

the form of drops. 

A chemica1 ana1ysis technique has been deve10ped to accurate1y 

determine the carbon content of iron droplets emu1sified in slag. 

The rate of decarburization of emu1sified iron drop lets was 

observed in aIl cases to be more rapid than in the iron bath. Ca1culations 

have shawn that reactions between met al drop1ets and oxidized slag and with 

the gas of slag foams are extreme1y important in the decarburization process. 

lt is shawn that metal turnover through the slag in the order of 

6% of the bath per minute is sufficient to account for the observed indus­

trial decarburization rates. 
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CHAPTER 1 

1.0 INTRODUCTION 

Improvements in the commercial .methods of production of oxygen have 

made pure oxygen available in quantity and at. lowcost. The availability of 

low-cost oxygen has led to the developmentof.stee1making processes in which 

pure oxygen is used to removeimpurities from steeL 

Blowing with oxygen was investigated by R. Durrer and C.v. Schwarz 

in Germany and by Durrer and H. Hellbrugge in Switzerland. Bottom-blown. 

vessels proved unsuitable beca~e the high temperature attained near the 

tuyères caused rapid det~rioration of the refractory tuyère bottom. The 

difficulty was overcome in the. basic oxygen furnace by blowing oxygen .through 

a supersonicjet suspended above the metal surface. Ithas been found that 

this process converted the liquid iron chargeto steel with a high deg·ree of 

thermal and chemical efficiency. Plants utilizing top blowingwith oxygen 

have been in operation since 1952~1953 atLinz and Donawitz in Austria. 

Reaction rates in oxygen steelmaking processes are much faster 

than in the open hearth processes. Oxygen steelmaking decarburization rates 

of 8-l2%C per hour are a full order of magnitude higher than basic open. 

hearth decarburization rates of .5-.6%C per hour. 

Processes involving top blowing with oxygen have evolved into 

three different categories. The Swedish Kaldo pro cess uses a slowly rotating 

vessel to assist mixing. The Kaldo vessel is generally not vertical but at 

an angle. The high phosphorous content of the European iron ores prompted 

the injection of powdered lime with the oxygen jet to facilitate phosphorous 
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remova1. The French Oxygen Lime Powder Process or OLP uses this technique 

whi1e the Benelux LD-AC process.not on1y injects lime with oxygen but a1so 

uses .a·twos1ag procedure. No additiona1 lime is needed for the low phos-. 

phorousNo.rth American ores. 

With the exception of the Ka1do Process, in which the gas jet 

impinges· at an angle on the 1iquid surface, the oxygen isintroduced via a 

vertical lance. 

1.1 Existing·Mechanisms Exp1aining High Reaction Rates 

The reason for the high decarburization rates in the basic oxygen 

steelmaking process has not yet been satisfactori1y determined. Three 

theories to exp1ain the high reaction rates have evo1ved. 

Focus ,Point Theory 1 This theory which was first proposed by Kosmider , 

states that the vast majority of the oxygen is reacted at the point of 

impingement. The optimum condition for the reaction by this theory wou1d 

be the maximum are a of penetration of the oxygen jet. 

2 Drop1et Oxidation Theory Re11ermeyer agrees that there will be some oxygen 

reaction st the focus point. However, he maintains that the major portion 

of the reaction is in the oxidizing atmosphere above the bath, the Iron drop-

1etsbeing oxidized and dropping back to the bath, where the reaction 

continues as with solid oxide. 

Slag Emulsion Theory 3 Meyer et al postu1ated the formation of a meta1-s1ag 

emu1sion. According to this theory sma11 drop1ets of iron are dispersed 

into the upper slag layer where decarburization takes place by reaction 
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with the slag." The large surface areas involved are tho~ght,to explain the 

high rate of decarburization. Kozakevitch4 supports this theory, and in 

additi~ has shown that gas/slag foams are stable during the,best part of 

an OLP blow. 

In order ta evaluate the applicability of e~ch of these'theories, 

the ,rates of reaction in each case have'been calculated as described below. 

The size of the vessel considered is shown in Figure 1.1. 

O2 20,000 SCFM 

,..;.------t--t-- 18 "---II.., 

3" DIA_.a--..-

Figure 1.1 Outline of a typical basic oxygen furnace. Capacity 150-200 
tons of steel. 
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Two typesof'reaction interface are important in the,above thr~e 

theories: m~ta1-gas and meta1-s1ag. In both, cases, rat~s of, decarbur~zation 

5 may'bepredicted by the masstransfer mode1 suggested,byDa~ken, assuming 

thatthe rate of decarburization acr:ossa metal-s1ag interface,is contro11ed 

by thetransfer of slag oxygen as FeO across, a boundary 1ay~r in the s~ag to 

the meta1-s1ag interface., In the case of decarburization by pure oxygen gas 

at a meta1-gas interface, the rate can be assumed to be cpntro11ed by carbon 

transfer from the meta1 bu1k across a boundary layer to the gas-meta1 

interface. 

The, equation governing the,steady-state mass transfer of component 

i across the boundary layer to an interface is given by: 

Where: 

o 

= •• 1.1 

- represents the flux of i in moles sec 
-1 

- mass transfer coefficient of'i in cm sec -1 

6Ci - concentrati~~ gradient across boundary layer 
in moles cm , 

A - area of reaction interface cm2 

The rate'of change of concentration of i in the bath is given by: 
o 

• 1.2 

Where: V - volume of bath in cm3 

dCi _ rate of change of concentration of i in mole cm-:
1 dt sec 

Combining Equations 1.1 and 1.2 yie1ds an expression re1ating the rate of 

reaction to transfer conditions in the system. 

-dC = i 
dt 

• 1.3 
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To convert carbon concentrations to weight per cent multiply by: 

100 x 7.2 
MWi 

Equation 1.3 can be used to find decarburization rates for the 

three theories explained previously. The mass transfer coefficients for 

carbon diffusion in molten iron and oxygen diffusion in molten slag are 

not precisely known, but values of 10-2 and 10-4 cm sec-l are of the correct 

order of magnitude according to the results of many researchers 6,7,8,9. 

Calculations of reaction rates in the various locations are presented in 

the following sections. 

TABLE 1.1 

Variable Value (weight %) Value (c.g.s.) 

t.c (metal) 2 %C .012 moles -3 cm c 

t.c (slag) 4 %0(18% FeO) .009 moles -3 cm 
0 

k (metal) 10-2 -1 cm sec c 

k (slag) 10-4 -1 cm sec 
0 

Focus Point Theory Application of Equation 1.3 to the cavity created by 

the oxygen jet will give the rate of decarburization on the basis of mass 

transfer control. The transfer of carbon in the ,stirred iron bath to the 

gas-metal interface ta form CO is assumed ta be the rate limiting step, 

while carbon at the gas-metal interface is assumed ta be completely reacted, 

i ie C =0. 
c 
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The oxy~en jet penetratio~ in cürrent steelmaking practice is 

about one half of the metal. depth (limitation, erosion of refractory bottom 

and excessive sloPPin.)16~ Assuming tlte cavity ta be in the form of a 

parabolQid, .the area of èxposed .ifon in 'the present case. (Figure 1.1) is 
2 ,,4 2 Il 

about 16.5 ft. (1.53 x 10 cm) . • The équivalent volume of 150 tons of 

steel (density. 448 lb ft-3) is 670 ft3 (1.9 x 107cm3). 

Inserting these:'sre, ~d volume data and the carbon concentration 

gradient of 2 %C(2 %C in bulk,O at gas-me~al ~nterface) into Equation 1.3, 

the decarburization rate predictedbyt;.bis theory .:Un 

-dC • 10-2 x 1.5 X 104 x .012 
~ 1.9 X 107 

- 095 x 10-7 moles cm-3 sec-l 

a 1.6 X 10-5 %C sec-l 

Drop1et Oxidation Theory Ca1culation of decarburization rates as predicted, 

by th~ droplet oxidation model have been made on the basis.of the oxidation 

of the ~ron drop lets in an atmosphere of oxygen a~ove the melt. Diffusion 

of carbon ~n the droplet is assumed: to be the contrQll1ng step as for the 

12 focus point theory calc~lati~. The Holden and Hogg estimate that drop-

lets ejected.from the ~ath a~e in the order of .12 inches (.3 cm) diameter 

has been employed. The surface to volume ratio of a sphere is given by 
.;.1 

6/diameter, therefore A/V will eqùal 20 cm • A~plication of Equation 1·3 

to the case of decarburizat1o~ ofa Z %C iron droplet in oxygen leads to a 

rate .of: 
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-dC = 10-2 x 20 x .012 
dé 

= 2.4 x 10-3 moles cm-3 sec-l 

= .4 %C sec 

Slag Emulsion Theory The reaction of iron drople~s which have been dis-

persed intQ the,slagis treated by ~onsidering a 20 % metal in slag emulsion. 

3 Meyer et al ,report that in this, type of emulsion th~ typical iron droplet 

size would,be 1 mm diameter, hence the A/V ratio would be 60 cm-l • In the 

slag emulsion theory" the rate of decarburization of the droplet is assumed 

to be controlled by FeO diffusion .. in the slag phase to the, slag-metal inter-

9 face, and ~n oxygen gradient of 4 %0 (lS,,%FeO) proposed by Darken has been 

assumed. the rate of decarburization predicted by the transfer of oxygen 

to the ~lag-metal interface is: 

-dC 
dé 

-4 
= 10 x 60 x 0009 

= 5.4 x 10-5 moles sec-l 

-1 = .025 %C sec 

Decarburizati,on across the slag-metal interface as occurs in 

the basic open hearth is common to all t:hree theories and depends on the 

slag oxygen content,. The bath area of an 18 ft. diameter BOF is 254 ft2 

(2.4 x 105cm?).' Inserting these values and Darken's slag oxygen gradient 

of 4 %0 (18 %FeO) into Equation 1.3: 

-dC 
dé 

-4 5 
= 10 x 2.4 x 107 x 0009 

1.9 x 10 

= 1.1 x 10-8 moles cm-3 sec-l 

= 308 x 10-6 %C sec-1 
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Table 1.2 compares the resu1ts of thes~ ca1cu1ations., 

TABLE 1.2 

Theory 

Focus Point. 

Droplet Oxidation. 

Slag Emulsion 

Slas.-meta1 Reacti.on (BOH) 

lndustrial Rate 

Rate of Decarburization 

1.6 x 10-5%C sec-l 

.4 %C sec-l 

.025 %C sec -1 

3.8 x 10-6%C sec-l 

.003 %C sec-1 

Table 1.2 shows a very high rate of decarburization for iron 

drop lets that 1eave the bath. This, however, do es not convey how much of 

the bath is in the form .of these drop1ets, whether they are continual1y 

created or how long they are away from the bath. The low rate of decar-

burization calcu1ated for the Focus Point Theory (two orders of magnitude 

lower than rates of approximate1y 10 %C per hour observed in practice) 

indicates that a simple mass transfer mechanism at the cavity cannot 

account for the rapid observed rates. 

The aim of this research is to investigate further the relative 

importance.of. ea.ch theory by·'making use of experimenta1 low and high tem-

perature models. 
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1 0 2 Investigation 

The investigation has been directed at the simultaneous measurement 

of the rates of decarburization in the iron bath and in the oxidizing slag 

and atmosphere of the basic oxygen furnace. The experimental approach was 

to begin with a transparent room temperature model which could approximate 

the main features of the process. The second phase of experiments involved 

a small scale basic oxygen furnace using pig iron, commercially pure oxygen 

and steelmaking slago 

The reaction which is of most importance in the basic oxygen pro-

cess can be simply stated as: 

(C) + 1/2 O2 = CO* 

The impurity carbon dissolved in the liquid iron is removed by reaction with 

oxygen gas thus releasing a second gas, carbon monoxideo 

The room temperature reaction chosen to best simulate the basic 

oxygen furnace was the removal of dissolved sodium bicarbonate salt from 

water using dry hydrogen chloride gas. The equivalent reaction is: 

It is immediately apparent that one mole of HCl is needed to react with one 

mole of NaHC03 salt to produce one mole of evolved gas whereas, in steel­

making, only one half a mole of oxygen is needed to react with one mole 

of dissolved carbon. Therefore, for a given molecular rate of reaction 

the rate of gas evolution in the model is one half the rate of gas evolution 

in steelmaki~~ processes. 

Steelmaking slag was simulated in the model by a mixture of motor 

13 * At steelmaking temperatures the equilibrium product gas is > 99%CO • 
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oi1 and paruffin. This mixture has a suitab1e density and is immiscib1e in 

the aqueous phase. 

The effectof the jet characteristics upon fpam and emu1sion for-

mation and rates of sodium bicarbonate reaction were studied. Liquid pro-

perties were varied and their effect.on the system was evaluated. 

The aim of, the high temperature experiments was to· investigate 

each of the three theories presented in the introduction and. to st~dy the 

* effects of jet characteristics (flow rate·, lance. diameter, and lanc~ height ) 

upon fbam and emulsion formation and upon· rates of decarburization. 

*Lance height represents the distance between the nozz1e tip and the upper 

liquid surface. 
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CHAPTER 2 

2.0 PREVIOUS WORK 

2.1 Oxygen Stee1making Proce~ 

With the advent of the pneumatic oxygen processes at Linz and 

Donawitz in Austria in 1952-53, researchers began investigating the process 

in efforts to exp1ain the high rates of carbon remova1 as compared to the 

basic open hearth process. 

14 Hot mode1 studies were reported by Fuji and Ura who studied 

the rate of decarburization as a function of oxygen b10wing rate and lance 

height in 30 lb iron me1ts. Their resu1ts ihdicate that the average 

decarburization rate is a 1inear function of the oxygen flow rate. They 

found that the maximum decarburization rate was obtained with a submerged 

lance. Laboratory sca1e experiments were a1so used by Kun Li, Duke10w 

15 and Smith to study the behaviour of a sma11 size basic oxygen furnace 

with respect to the Jones and Laugh1in prototypes. They found oxygen 

efficiencies (defined as that percentage of input oxygen which combines 

with bath carbon to form CO) to be comparable with the commercial process 

(in the order of 60%). 

Further work by Smith and Duke1ow16 in a 1/12 1inear sca1e mode1 

studied the effect of fluid dynamics on the chemica1 reaction. It was 

shown that un1ess the gas jet penetrated through the slag, large oxygen 

concentrations cou1d be bui1t up in the slag and that in this event 

1itt1e decarburization occurred. When the over-oxidized slag begins to 

react with the hot meta1 and the resu1tant carbon boi1 mixes the slag and 

meta1 phases, decarburization becomes violent. 
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Jet penetration into the metal caused the carbon boil to occur 

earlier and the boil was more uniform. Decreasing the lance height was 

shown to increase the decarburization rate· which varied linearly with oxygen 

gas flow rate at constant lance height. 

The oxygen flow rates in this model were compared to those of· the 

prototype by keeping the volume of gas delivered per unit time per ton of 

hot metal as being constant. Since Froude Number similarity is a better 

17 scale-down criterion ,the application of their results to the industrial 

Basic Oxygen Furnaces must be done with care. 

18 
Ge w. Perbix carried out. Basic Oxygeri turnace hot model tests 

with a 150-200 lb. metal charge in order to investigate the effects of 

blowing conditions on refining kinetics f oxygen efficiencies and thermo-

dynamic aspects of steelmaking. Perbix also showed that the decarburiza-

tion reaction is strongly temperature dependent. Scatter in results was 

attributed to differences in temperature patterns during the course of 

the heats~ The use of induction heating during the process of a blow to 

off-set heat losses will add the detrimental effect of stirring the metal 

bath. Like Smith and Dukelow, Perbix used the unit SCFM/TON CHARGED to 

describe the gas flow rate. 

The changes in the degree of oxidation of the slag during· the 

top blowing with oxygen of pig iron in a converter were investigated by 

19 Ogryzkin • He found that lowering the lance and increasing the oxygen 

flow tended to lower the FeO concentration of the slag by increasing the 

intensity of mixing of the slag and iron.. Reduction of the iron oxide 

content in the slag is, therefore, enhanced by the intense mixing of the 
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upper layer. 20 McBride ,confirming Ogryzkin's observations" points out 

that the oxygen content of the re1ative1y calm open hearth slags is high as 

compared to the oxygen content of ~he oxygen steelmaking slags which are 

turbu1ent1y mixed with the meta1 layer. 

In the experimenta1investigations reviewed up to this point the 

rates of bath decarburization have been measured but no importance has been 

attached to the formation of slag foams or meta1-s1ag emu1sions. The sca1~ 

ing methods used by the above researchers were not we11 chosen or exp1ained. 

2.2 Dynamics of the B10wing Process 

21 Kootz states that in the gas jet impingement area, which is 1ike 

a concave mirror, the jet itse1f is directed to a11 sides and outward. In 

contact ,with the 1iquid surface, the jet transmits part pf its impulse to 

the adjacent layer of f1uid and, at higher ve10cities, entrains 1iquid drop-

lets from the 1iquid surface a~ the periphery of the jet impingementarea. 

12 Ho1den and Hogg suggest that the interna1 circulation of the 

sp1ashed drop1ets is so low, that once the surface has been oxidized, the, 

concentration difference between the drop1et and the atmosphere will remain 

at a low 1eve1 and hence the rate of mass transfer will be lowered. If, 

therefore, the turbulence within the bath is maintained at sucha ieve1 that 

fresh unoxidized meta1 is c~stant1y being exposed to the oxygen, then the 

bath is by far the greater potentia1 absorber. No experimenta1 resu1ts 

were given to support this contention. 

Experimental converters of 100, 300, and 4000 lb. capacity were 

used by F1inn et a110 to study the depth of penetration of the oxygen jet 

and the circula tory movement in the bath. Four independent methods were 
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used to dete.rmine penetration: the onset of pottqm marking, a nitrogen 

bubb1er probe, observation through an optica1 system bui1t into the lance, 

and direct .viewing of the jet issuing from the bottom of the vesse1. The 

empirica1 expression defining the ,depth of penetration of the oxygen jet 

was: 

Depth (in.) = 1.5 PdDt + 1.5 

f'"il 

Where: Pd - nozz1e pressure psia 

Dt - nozz1e throat diameter in. 

H - nozz1e height above .bath in. 

Circulation was investigated by four methods: by direct observation in 

200 lb. open baths, by the use of graphite rudders in the 300 lb. and 

4000 lb. converters, by direct observation through an optica1 system in the 

lance, and by various mode1s at room temperature. 

Surface b10wing resu1ts in low oxygen efficiency and in increased 

iron oxide content of the slag. F1inn et al report tha.t subsequent reaction 

between meta1 and the highly oxidized slag can cause excessive andhazardous 

sp1ashing from the vesse1. Refractory damage at the bottom of the vessel is 

on1y encountered when the jet penetrates to the bot tom. 

Aside from the revea1ing work of F1inn and cq-workers, litt1e 

has been· done to measure gas cavity depressions or shapes. The f1uid dynamic 

behaviour of the'eavityhas not received any theoretica1 ana1ysis. 

2.3 Mode1 Studies 

Experimental work on the Basic Oxygen Process has shawn that the 

important reaction parameters are: the mode of deformation of the su,rface 
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by the oxygen jet, the circulation imparted to the bath and the formation 

of meta1 drop1etso 

The. difficu1ty of making accurate measurements on a fu11-sca1e 

converter has 1ed many researches to turn to mode1s. The theory and 

prob1ems invo1ved in estab1ishing simi1arity have been dealt with by 

22 . 17 Holmes and Thring ,whi1e Newby showed, on the basis of experimenta 

using water, mercury and air, that the most usefu1 dimension1ess parameter 

in designing mode1 1ancing experiments is the modified Froude Number 

2 

I:~:d) · 
Qualitative studies of gas f10w and liquid circulation have been 

23 made by Hasimoto ,using a submerged water jet iropinging on mercury. He 

noticed changes in liquid f10w patterns with angle of lance inclination, 

12 as did Ho1den and Hogg ,using air on water. The latter a1so studied 

the effects of an oi1 layer on the water surf~ce and conc1uded that if the 

oi1 layer is penetrated by the jet, the circulation patterns in the 10wer 

1iquid are simi1ar to those in a single 1iquid system. 

Data on the geometry of the depression caused by subsonic gas 

streams directed on the surface of various 1iquids were reported by 

24 Turkdogan who found that beyond a certain critica1 axial impact pressure, 

which depends upon the 1iquid prope~ties, the depression on the 1iquid 

surface becomes unstab1e and 1iquid drop1ets are ejected. Turkdogan found 

that the most ·critica11iquid properties were surface tension, drop lets 

being ejeeted more o·easi1y at lower surf~ce tensions. 

25 Chedail1e and Horvais conducted simi1ar experiments b10wing 

air on water and measured the quantity of 1iquid sp1ashed from the container. 
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For a given lance height the amount of liquid splashed' out wasfoun,d to 

increase with i~creasing gas flow rate. 

26 J.M. van Langen using a 1/26 linear scale model of an LD 

converter, qualitatively investigated the absorption of· dry HCl gas blown 

onto a saturated NaHC03 solution covered with paraffin oil, using methyl 

orange as' indicator.. lt was shown that the stirring act~on of the gas jet 

is very. small and that an· acid layer i~ formed which gradually grows, un·til 

nearly the whole solution is acid. The last of the basic liquid usually 

mixes suddenly with the acid giving increased gas evolution. Stirring was 

improved by decreasing the oil thickness, bath depth and lance height, or 

by increasing the jet momentum. 

Models using low temperature liquids and air were used by Red'k~ 

et a127 to evaluate the relative efficiency· of. top, bottom and side blowing. 

They found that the method of introducing the gas has no substantial effect 

on the gas liquid reaction rate. They also found that foaming and reaction 

rate increased with increasing gas flow rate. The retardation of the 

reaction between the gas and the liquid due to an increase in the liquid 

viscosity was found to be proportional to the sixth root of the kinematic 

viscosity of the liquide 

28 3 Dubrawka s·tudied the absorption of CO2 blown at lCFM (472cm 

sec-l ) through a 1/8 inch nozzle onto a bath of Naoa for two minutes. He 

found that absorption increased with increasing bath, diameter up to 15 

inches, and for increasing bath depth up to 4 inches for a bath diameter 

of 5 1/2 inches. Maximum absorption occurred at a lance height of 1 inch. 

The size and shape of the depression formed in the liquid surface 

by subsonic jets of air and CO2 on water and mercury were measured by 
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Wakelinll for various nozzle heights and jet momenta. The magnitude and direc-

tion of the velocities inwater were also measured. Wakelin found that the 

amount of circulation in the liquid increases with increasing jet momentum and 

decreasing nozzle height especially near the upper surface of the liquide 

Rates of mass transfer of CO2 into water and 02 into molten silver were shown 

to be dependent on liquid surface velocity. 

Unfortunately quantitative studies on the geometry of the gas 

depression have been restricted to laminar gas jets usually on a single liquid 

phase system. Gas cavity behaviour under turbulent conditions is not weIl 

known. 

2.4 Foams and Emulsions in 8teelmaking 

Interest in the field of metallurgical foams and emulsions was aroused 

by the work of Cooper and Kitchener29 on the foaming of molten silicates. Lab-

oratory experiments on CaO-8i02-P205 melts showed that foaming is absent with 

binary CaO-8i0
2

melts but is marked when P205 is added to melts containing more 

than 50 mole % 8i02 , The foam stability was shown to increase with (a) the pro­

portion of P205 (in the. range 0-1.8%), (b) the proportion of 8i02 (50-63%), and 

(c) a decrease in temperature. The theory of foaming proposed for this system 

was based on the assumption that P
2
0

5 
is responsible for a degree of surface 

elasticity, which, however, is insufficient to sustain foaming unless the melt 

is viscous (i,e. unless the melt is of low CaO:8i0
2 

ratio and at relatively low 

temperatures). 

30 Cooper and McCabe elaborated on the requirements of a surface 

active oxide in a slag. They suggest that oxides which are believed to be 

surface active and which are effective as foaming agents have a high value 

of the ratio of cation valence (Z) to ionie radius (R). The value of ZIR 

at whieh the transition from a foaming to non-foaming agent oceurs was 
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given as about 5-6, which indicates that P20S' Si02, Ti02 aQd A1 203 shou1d 

be effective foaming agents. 

Kozakevitch31 reviewed the conditions favouring foam and emu1sion 

formation. He cit~d the 10wering of interfacia1 tension by surface active 

agents·as being important whi1e stirring and gas evo1ution provide the 

energy necessary to increase the interface. St~bi1ization of gas and 

1iquid emu1sions was favoured by high viscosity of 1iquid medium and by 

formation of a viscous or rigid adsorpt~on f~lm at the .interface. 

4 
Th~ oxides Si02, P20S' Ti02 and Fe203 were shown by Kozakevitch 

to 10wer the surface tension of slags. He suggests that these oxides 

adsorbed at the surface. of steelmaking slags. The stabi1ization of the 

meta1-in-s1ag emu1sions in the OLP/LDAC proc~ss was attributed to crysta11-

ization ofsi1icophosphates. Kozakevitch observed that phosphorous and 

carbon contents of the emu1sified iron was lower than that of the iron 

bath at the same period of the b10w. He noted that sma11 drop1ets were 

lower in c~rbon and phosphorous content that big drop1ets due to the higher 

surface to volume ratios of the sma11er partic1es. 

Samp1es of slag sp1ashed fram an on-1ine 230 ton BOF at Jones 

3 and Laugh1in's Cleveland Works were taken by Meyer et al who were able 

to iso1ateemulsified iron drops and to determine their carbon content. 

The carbon content .of the iron bath wasca1cu1ated from the exhaust gas 

ana1ysis at the same time as each emu1sion samp1e was ejected. 

Theseauthors found that the emulsion drop lets were lower in % 

carbon than the bath at each point in the b10w and that the smaller drop-

lets contained the least carbon. The authors expla~n the high reaction 

rates in the BOF as being due to the "re1ative1y stable slag-metal 
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, , 

emulsions formed". Meyer ë'f a13 were .unable to deteœne the, conttibution 

of th~ metal-slag reacUdtito the,everal1 tate of reacdon bec~use.the rate 

of droplet jo~tion and:the residence time ,of the droplets could not be 

dete~ned in tQeseexpe~iments •. 
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CHAPTER 3 

3.0 DISPERSE METALLURGICAL SYSTEMS 

3.1 Definitions of an Emulsion 

In general particles of one medium suspended in a second ~mmiscible 

medium can bereferred to as a disperse system. In, extractive metallurgy the 

disperse systems of interest are:, smal~ bubblesdispersed in slags (foams) 

and metal Qrops emulsified in Blasa. 

The subject of foams and emulsions has been thoroughlyinvestigated 

by organic chemists using detergent foams and water-oil emulsions. Several 

different definition~ have been postulated by the organic chemists. A list-

ing of the definitions for an emulsion is given below: 

1. An ~mulsion is a very fine dispersion of one liquid in 

32 another with which it is immiscible • 

2. An emulsion is a system containing two liquid phases, 

33 one of which is dispersed as globules in the other • 

3. Emulsions are mechanical mixtures of liquids that are 

immiscible under ordinary conditions and which may be 

separated into layers on standing, heating, freezing, 

34 by agitation or the addition of other chemicals • 

4. An emuls10n is a two-phase liquid system consisting 

of fairly coarse dispersions of one liquid in another 

with which it is not miscible35 • 
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5. Emulsions are intimate mixtures of two immiscible 

liquids, one of them being dispersed in the other 

36 in the form of fine droplets .• 

6. • ••••• emulsions are finely divided liquid to semi­

solid substances37 • 

7. Emulsions •••• are microscopically visible droplets of 

38 oneliquid suspended in another • 

8. Emulsions are stable a~d intimate mixtures of the 

oil or oily material with water39 • 

9. An emulsion •••• consists of a stable dispersion of 

40 one liquid in another liquid • 

The above definitions aIl contribute in explaining an emulsion. 

However, only two refer to stability (8 and 9), while only definition (3) 

refers to instability. Definition (7) limits the size of the dispersed 

phase. Surprisingly five definitions (2, 6, 7, 8 and 9) do not mention 

miscibility while the meaning of definition (6) is not clear. Definition 

(8) is the only one which stipulates the substances to be oil and water. 

This author feels that Becher's4l definition modified to include 

dispersed gas bubbles is the most concise definition: 

An emulsion is a heterogeneous system,consisting of at least one 

immiscible liquid or gas intimately dispersed in another in the form of 

droplets or bubbles, whose diameters, in general, exceed O.l~o Such 

systems possess a minimal stability, which may be accentuated by such 
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-additives as surface active agents or finely divided solids. 

A dispersion of metal drop lets in a slag satisfies aIl the condi-

tions of the above definition: metal and slag are immiscible by the very 

nature of pyro-metallurgical separations, the droplet sizes satisfy the 

3 4 0.1 ~ limit ' , the emulsion of metal in slag is unstable, and the exis-

tance of surface active agents, which tend to stabilize the emulsions, has 

been postulated by certain researchers. 

The dispersion of metai droplets in slag can by this definition 

be called an emulsion. 

3.2 Theory of Emulsions 

The theory of emulsions with regard to formation and stability 

will be discussed on the basis of the water-oil low temperature system 

then analogies will be given for the metai-siag high temperature system. 

The accepted terminology describing an emulsion of oil and water is water-

in-oil (water is the disperse phase) abbreviated w/o or oil-in-water (oil 

is the disperse phase) abbreviated o/w. Applying this convention to the 

metallurgical emulsions gives MIS for a metal-in-slag emulsion and SIM 

for a slag-in-metal emulsion. These terma will be used throughout as 

abbreviated forma. 

When two immiscible liquids are in contact in a vessel, an inter-

face exists between them. Thethermodynamic stability of this interface 

is a function of the surface forces acting at this interface. Emuisifica-

tion of one liquid into another is thermodynamically more favourable than 

the existance of a single interface between the two when the iqterfaciai 

tension between the two liquids is low, i.e., when the energy needed to 
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create the new surface of an emulsion drop1et is lowo In exceptional 

41 cases ,the energyis negative and emulsification can occur spontaneous1y. 

The effect of an emulsifying agent on interfacial tension can be 

readily shown. For example the interfacial tension of olive oi1 against 

o -1 water at 20 C is 2209 dynes cm If ten cubic centimetres of this oil 

is emulsified into droplets having a radius of 0 0 1 ~, the interfacia1 area 

created is 300 square meterso The work of creation of a new surface is 

given by the product of the interfacial tension by the surface area, there-

3 fore work needed to emulsify the 10 cm of olive oil would be 6,.86 joules. 

8ince this energy is contained in the system aspotential energy, it 

represents a considerable degree of thermodynamic instabi1ity. A suitable' 

-1 soap addition can reduce the interfacial tension to 2 dynes cm This 

wou1d reduce the equivalent creation energy to 060 joules, 

Ross, Chen, Ranouts and Becher42 were able to show that a corre1a-

tion exists between the spreading coefficient between the phases and emul-

sion stability (in the presence of an emu1sifying agent). Figure 3.1 

illustrates the behaviour of an oil drop1et in an O/W emulsion as a func-

tion of the spreading coefficient 8 = Yw/ A - YO/A - Yo/w 

OIL-1!r 
WATER WATER 

8>0 

UN8TABLE 

8<0 

STABLE 

Figure 3.1 Oil droplet in an O/W emu1sion~spreading coefficient 

l 
1 
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The rising drop let encounters the liquid surface where two things 

may happen. In the case S<O the drop will spread on the surface, becoming 

a film of oil, losing its identity as a droplet. In the other case S>O, the 

oil will not spread and it will, in due course, return to the body of the 

emulsion. A negative spreading coefficient between the phases of the emul-

sion is necessary to ensure stability. 

Although the simple correlation of emulsion stability with low 

interfacial tension is not the complete explanation of stability, a low 

interfacial tension may be classed in the category of what mathematicians 

calI a "necessary but not sufficient" condition for stability. In terms 

of the spreading coefficient the ~st negative spreading coefficient con-

sistent with a low interfacial tension would be the criterion for stability. 

Surface and interfacial tension may be explained on a molecular 

basis by the statement that the Van der Waals field of force acting on a 

molecule at the surface of a liquid is different from that in the bulk of 

the liquid (Figure 3.2). In the case of solutions, the molecules whose 

interaction energy is smallest will tend to accumulate in the surface, thus 

minimizing the free energy of the system. 

Gibbs defined r, called the surface excess, which is the concen-

tration of the solute adsorbed at the surface expressed as moles per unit 

area. The Gibbs' Adsorption Equation is written as: 

R + ............. +r aJ,l = O ••••••••••• 301 n n 

Where: s - surface chemical potential of species ~n n 

r - surface excess of species n moles -2 cm n 

- surface tension of solution dynes -1 
y cm 
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LIQUID - 1 

LIQUID - 2 

Figure 3.2 Forces acting at the mo1ecu1es at the interface and in the 

interior of a pair of 1iquids. 

For a two component di1ute system the Gibbs Adsorption Equation 

o 
cao be expressed by using ~i = ~i + RT ln ai 

3.2 
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create the new surface of an emu1sion droplet is 10w. In exceptiona1 

41 cases ,the energyis negative and emu1sification can occur spontaneous1yo 

The effect of an emu1sifying agent on interfacia1 tension can be 

readi1y shawn. For examp1e the interfacia1 tension of olive ail against 

a -1 water at 20 C is 22.9 dynes cm If ten cubic centimetres of this ail 

is emu1sified into droplets having a radius of 0.1 ~, the interfacia1 area 

created is 300 square meters. The work of creation of a new surface is 

given by the product of the inter facial tension by the surface area, there-

3 fore work needed ta emu1sify the 10 cm of olive ail wou1d be 6,,86 joules" 

Since this energy is contained in the system aspotentia1 energy, it 

represents a considerable degree of thermodynamic instabi1ity. A suitab1e' 

-1 soap addition can reduce the interfacia1 tension ta 2 dynes cm This 

wou1d reduce the equiva1ent creation energy ta .60 joules, 

Ross, Chen, Ranouts and Becher42 were able to show that a corre1a-

tian exists between the spreading coefficient between the phases and emu1-

sion stabi1ity (in the presence of an emu1sifying agent). Figure 3.1 

i11ustrates the behaviour of an ail drop1et in an O/W emu1sion as a func-

tian of the spreading coefficient S = Yw/ A - YojA - Yo/w 

OIL-t!j 
WATER WATER 

El S>O 

UNSTABLE 

S<O 

STABLE 

Figure 3.1 Oi1 drop1et in an O/W emu1sion~spreading coefficient 

l 
1 
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The rising drop let encounters the liquid surface where two things 

may happen. In the case S<O the drop will spread on the surface, becoming 

a film of oi1, 10sing its identity as a drop1et. In the other case S>O, the 

oil will not spread and it will, in due course, return to the body of the 

emulsion. A negative spreading coefficient between the phases of the emu1-

sion is necessary to ensure stability. 

A1though the simple correlation of emu1sion stability with low 

interfacial tension is not the complete explanation of stabi1ity, a low 

inter facial tension may be classed in the category of what mathematicians 

calI a "necessary but not sufficient" condition for stability. In terms 

of the spreading coefficient the ~st negative spreading coefficient con-

sistent with a 10w interfacial tension would be the criterion for stabi1ity. 

Surface and interfacia1 tension may be explained on a molecular 

basis by the statement that the Van der Waals field of force acting on a 

molecu1e at the surface of a liquid is different from that in the bu1k of 

the 1iquid (Figure 3.2). In the case of solutions, the mo1ecu1es whose 

interaction energy is smallest will tend to accumulate in the surface, thus 

minimizing the free energy of the system. 

Gibbs defined r, ca1led the surface excess, which is the concen-

tration of the solute adsorbed at the surface expressed as moles per unit 

area. The Gibbs' Adsorption Equation is written as: 

R + ••••••••••••. +r ap = 0 ••••••••••• 3.1 
n n 

Where: s - surface chemical potentia1 of species Pn n 

r - surface excess of species n moles -2 cm n 

- surface tension of solution dynes 
-1 

y cm 
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LIQUID - 1 

LIQUID - 2 

Figure 3.2 Forces acting at the molecules at the interface and in the 

interior of a pair of liquids. 

For a two component dilute system the Gibbs Adsorption Equation 

o 
can be expressed by using Pi = Pi + RT ln ai 

3.2 
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Where: R - gas constant 

T - temperature in absolute degrees 

a2- activity of species 2 

Thus an increase in surface concentration of the surface active 

agent resu1ts in a surface or interfacia1 tension decrease. The increased 

concentration per unit area of solute in the surface also tends to oppose 

the stretching of the liquid surface. 

43 Langmuir and Harkins proposed a the ory whereby the polar groups 

of the emulsifying agent are oriented towards the water phase and the non~ . 

polar hydrocarbon chains are oriented towards the oi1 in water-oil emu1-

sions. A schematic representation of a soap molecule is shown III Figure 3.3. 

Figure 3.3 The structure of sodium stearate schematically shown as the 

rectangu1ar non-polar, hydrophobic hydrocarbon tai1 and the 

circu1ar polar, hydrophi1ic,carboxy1ic head. 

Thus an O/W emulsion stabi1ized by sodium stearate cou1d be 

schematical1y shown as in Figure 3.4. 
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-

WATER 

STEARATE·IONS -
Figure 3.4 Oil droplet covered with stearate ions presents a polar 

surface to water matrix. 

However, where the alkali-metal soaps favour O/W emulsions, 

alkaline earth soaps, which consist of two non-polar hydrocarbon tails 

with a metal ion, form W/O emulsions. A W/O emulsion stabilized by 

ma nesium stearate could be schematicall shown as in Figure 3.5. 

\--
- OIL 

--WATER 

STEARATE·IONS 

Figure 3.5 Water drop let coated by stearate ions presents a non-polar 

surface to oil matrix. 
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It can be seen from Figure 3.4 that an O/W emu1sion wou1d not be favoured 

with a1ka1ine earth soaps as the two tai1s wou1d be unfavourab1y crowded 

on the inside of an oi1 sphere. The phase in which the emu1sifying agent 

is more soluble will genera11y be the externa1 one. 

The stabi1izing effect of these surface active agent coatings 

is the resu1t of the increase of interfacia1 viscosity which impedes 

sett1ing and coalescence, ie., the ionic coating of the oi1 drop1et can 

participate in the hydrogen bonding of the water media whi1e the non-polar 

coating of the water drop1et in a W/O emu1sion exerts Van der Waals attract­

ion forces with the oi1 matrix. Both cases of bonding contribute to the 

stability of the liquid-liquid interface and hence to emu1sion stability._ 

E1ectrica1 theories of emu1sion stabi1ity are based on the exist­

ance of an e1ectrica1 double layer at the drop1et surface. (Figure 3.6). 

(f) ----
e e 

œ ct) -
e WATER 

Figure 3.6 Tb.e existance of an e1ectrica1 double layer in an O/W 

emu1sion. 
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The existance of an electrical double layer at the aqueous side 

of the oil drop let surface is a result of the ionic charge of the surface 

active agent (for example the negative charge of the stearate ion) which 

will tend to attract cations to its surface. The electrical double layer 

at the surface of a water droplet in a W/O emulsion is a result of the 

adsorption of charged surface active ions from the aqueous phase. However 

these charges arise, their presence on the emulsion droplet contributes 

to the stability of the system, since the mutual repulsion of the charged 

particles prevents their close approach and coalescence. 

Finely divided solids can stabilize foams and emulsions by concen-

trating at the interface. If the water-oil interfacial tension is greater 

than the total of the water-solid surface tension plus the oil-solid inter-

facial tension then the particle will tend to stay at the interface. The 

following force balance determines the position of the solid particle at 

the liquid-liquid interface: rs/o - ys/w CI yw/o cosS .00 •••••••• eo o •• '3.4 

Where: -1 yafo - Solid-oil interfacial tension dynes cm 

-1 ys/w - Solid-water interfacial tension dynes cm 

-1 yw/o - Water-oil interfacial tension dynes cm 

e - Contact angle between particle and interface. 

Figure 3.7 shows the directions of the forces acting on the particle and 

the three possible situations at the liquid-liquid interface. 
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PARTICLE 

(a) (b) 

OIL 

WATER 

aIL 

WATER eyb 
e<90 

(c) 

INTERFACE 

Figure 3.7 Three ways in which solid particles May distribute themselves 

in an oil-water interface: (a) Particle is wetted by oil so 

is mainly in the oil, (b) Equal wetting by both phases 

(c) Particle is better wetted by water so is in water. 

44 According to Schulman and Leja the MOst ~table emulsions are 

obtained when the contact angle with the solid at the interface is close to 

900
• The emulsion ~hich forma is that which cantains the solid particles 

in the disperse phase. A concentration of solids at the interface repre-

sents an interfacial "film" of considerable strength and stability, which 

will serve to stabilize such emulsions. 

3.3 Theory of Metal-Slag Emulsions 

Some generally accepted facts in metallurgical disperse systems 

31 were listed by P. Kozakevitch • 

a) Emulsion and foam formation is favoured by lowering 

inter facial tension (liquid-liquid or liquid-gas) by 

dissolved surface active agents. 
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b) Stirring and mechanical agitation provides the energy needed 

to increase the amount of interface. 

c) Gas evolution effectively provides stirring and is also impor-

tant in that it supplies gas to the foam. 

d) The stabilization of emulsions and foams is favoured by a high 

viscosity liquid medium which may stop the normal destruction 

of the emulsion through coalescence and gravity. 

If an analogy is to be drawn between W/O emulsions and MIS emulsions, 

there is a need for surface active agents to promote stability by producing 

low interfacial tension and a negative spreading coefficient. Comparing the 

two systems: the aqueous emulsion involves a polar liquid with a non-polar 

liquid usually characterized by long hydrocarbon chains. Molecular bonding 

is covalent in the non-polar oil and no appreciable inter-molecular bonding 

is present. Water represents the polar liquid characterized by hydrogen bond-

ing and ions in solution. 

The metallurgical system involves a liquid composed of mobile atoms 

having long range disorder. X-ray diffraction has suggested that, in liquid 

metals, some short range order may temporarily exist; several atoms forming 

a short-lived crystal lattice. Liquid meta1s conduct e1ectricity in the same 

way as solid meta1s so the presence of a similar e1ectron cloud is thought to 

exist around the metal nucleii. 

46,47 

45 Slag properties and structures have been studied by many authors ' 

Slag is, very simply, a molten salt, ionic in nature, having short 

range order (covalent bonding of silica tetrahedra), but long range disorder. 

48 Slags conduct electricity by ionic transfer and have much lower conductivity 

than liquid metals. Figure 3.8 shows a two-dimensional schematic of liquid 
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silicate structures. 

o - OXYGEN 

• - SILICON 

• - nIVALENT METAL. ION 

Figure 3.8 Schematic representation of solutions of a divalent metal 

oxide in molten silica. 

Surface active agents in w/o emulsions are characterized by long 

hydrocarbon chains finally ending with a metallic ion. The ionized soap 

has a polar end and a non-polar end. In the same way surface active agents. 

in MIS emulsions can be expected to have a chain silicate end and a charged 

or cationicend. (FeO.Si02)n is an example of a surface active agent in 

certain metallurgical systems. 

43 According to the Langmuir and Harkins Film Adsorption Theory , 

-10 the Si40l3 ions (from a 5 FeO.4Si02 slag) for example, would align them-

selves on the metal drop so that the drop surface would have a slag 

appearance to an external observer. The surface active agent may attach 

itself to the metal drop in any of three different ways: 

1) The iron drop may absorb or dissolve the iron ion leaving 

the silicate clinging to the droplet surface, due to the excess in charge 

of the metal drop. The combination of drop and adsorbed ion would be 
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electrically neutral. This mechanism would ru le out the surface active 

behaviour of any other cation than Fe+2 or Fe+3 ego Ca+2 , Mg+2• 

2) The iron ion may adsorb on the iron drop let surface. This would be 

a simple physical adsorption and the bonding forces between the drop and 

adsorbed ion would be of the weak Van der Waals type. 

·10 3) The 8i
4
0

l3 
ion may chemisorb onto the iron droplet surface. A chemical 

bond can form between the iron drop let surface and the silicate ion. The 

combination will have a charge of ~len,where n is the number of chemisorbed 

ions.· This mechanism does not require the presence of a cation from the slag, 

although later association may occur due to charge attraction. 

Mechanism 1 and 3 must play the mostimportant roles, the weê~ness 

of Van der Waals bonds diminishing the importance of mechanism 2. Figure 3.9 

illustrates each mechanism, where for simplicity only one surface active ion 

is considered. 

Drawing a camparison between the metallurgical surface active agents 

described above and those of the water-oil systems described earlier, it 

would seem that increasirtg the size of the adsorbing ion would increase emul-

sion stability. Examining the typical slag-forming oxides and their structures, 

according to the model of Toop and 8amis 49,50, will help explain the role of 

the metallurgical surface active agent. Table 3.1 lists various ions present 
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Figure 3.9 Mechanisms of surface active agent attachment (Only one 

adsorbing ion is shown for simplicity). 

a) 

b) 

c) 

Iron ion absorption into iron droplet. 

Iron ion adsorption onto droplet surface. 

-10 
Chemisorption of 8i

4
0 13 ion onto iron surface. 
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TABLE 3.1 

Slag Base/Acid Most Prevalent Probable 
Mole ratio Ions 49,50 

2CaO.Si02 2:1 SiO-4 
4 

3CaO:2Si02 
3:2 -6 Si20

7 

CaO.Si02 1:1 

CaO.2Si02 1:2 -12 Si12030 

CaO.3Si02 1:3 -16 Si24056 

3CaO.P2OS 1:3 PO-3 
4 

Where. represents an e1ectron free to forma bond 

Structure 

? 
D-fi-o 

° 
chain 

° ? 1 
0-S1-0=Si-o 

1 

° 
1 

° 
chain 

ring 
(Figure 3.10) 

double ring 

treb1e ring 

° O-~ 
.~ 

---
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Table 3.1 shows the silicate ions of the acid and neutra1 slags 

to be in the form of·chains or rings. The silicate chains are negative1y 

eharged and can chemisorb at a drop int~rface according to mec~anism 3. 

Chemisorption of silicate rings ata surface in the form of chains can occur 

if an oxygen ion is avai1able at the surface to break one of the double bonds 

of the ring, creating a silicate chain (Figure 3.10). 

o 0 0 0 
r 1 1 1 

o--Si=O=Si=O 8i=0=8i-0 . 
J 1 1 1 o 0 0 0 

-8 -2 -10 Si4012 + 0 = Si4013 
RING CHAIN 

Figure 3.10 The conversion of a silicate ring to a chain by addition of 

one oxygen ion. 

In practice the oxygen ion may come from oxygen disso1ved in the iron drop. 

The surface active behaviour of phosphate ions and Chains in 

29 silicate slags has been demonstrated by Cooper and Kitchener • The free 

bonding e1ectron, shown by the dot in Table 3.1, not on1y aids in the 

formation of PO~3 chains but may a1so be important in the adsorption of 
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this chain at an interface by fo~ing a chemica1 bond. 

The·increased viscosity of· the high si1ica slags a1so aids emu1sion 

~nd foam stability. 

Solid partic1es are kno~ to stabi1ize slag foams, Cr203 being an 

examp1e. The stabi1ization of HIS emu1sions by suspended partic1es due to 

an incre$Se in strength of the interfacia1 film occurs as in the ana10gous 

low temperature systems. 
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CHAPTER 4 

4.0 SCALE-DOWN OF INDUSTRIAL BOF 

Several researchers have used models to investigate the basic .oxygen 

17,23,24,26,51 Th f 1 d 1 bl h d f process • e use 0 ow temperature mo e sena es t e stu y 0 

fluid dynamic parameters in experimentally convenient systems. 

In order for a model to be applicable to its prototype, conditions 

must be the same in both. A particular system described by a finite number 

of variables will yield a finitenumber of dimensionless groupings of these 

variables. If a model system can be devised, that is characte.rized by the 

same dimensionless groups as a prototype, the two systems are similar, provid-

ing the numerical values of the groups are identical. Under these circum~ 

stances the behaviour of a model would give accurate information concerning 

the performance of the prototype. 

It is rarely possible to produce a model that is exactly similar 

to a particular prototype. However, theoretical considerations of the process 

under question suggest that certain dimensionless groups are more important 

to a process than others. Maintaining the important dimen~ionless groups con-

stant at the expense of the least important ones will give a good approxima-

tion to the prototype. 

The basic oxygen furnace presents a complicated system of gaseous 

and liquid flow and it is not possible to build a perfect model with a full 

17 application ·of the 1aws of physical and chemical s~~etry. Newby was the 

first researcher to make use of the modified Froude number as the most rele-

vant dimensionless group: 
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Where: p - gas density g 

Pl - l1quid density 

Vm - exit velocity of jet. 

1 - linear dime~sion (jet diameter) 

g - gravit y constant 

The Fraude nwnber (v2/lg) repres-ents the ratio b~tween the inertial 

forçe of the jet disturbing the surface and the.force of gravit y tending ta 

flatten it.out. Full similarity would necessitate that-the ratio of gas 

density ta liqu~d density be the same in the model as in the prototype. How-

ever, the inertial force of the gas jet on the liquid is more important than 

the gravitational force acting on the liquid, thus the ratio of inertial . 

force in the gas ta gravit y force in the liquid was considered sufficient 

criterion for similarity. 

The experimental BOF's used in the present research were scaled 

according ta geometrical similarity (1:54 linear scale ratio) and açcording 

ta modified Fraude Number similarity. The data characterizing an indus trial 

BOF are listed in table 4.1. 
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TABLE 4.1 

INDUS TRIAL ·BOF DATA 

Vessel diameter 

Lance diamete~ 
lie 

Lance height 

Pig iron depth 

Slag layer depth (t ) 
s 

Molten metal density (Pm) 

Moltenslag density (p
s

) 

Metalviscosity (lJ) 
m 

(n
m

) 

(lJs ) 
(ns ) 

Slag viscosity 

Metal surface tension (y
m

) 

Slag surface tension (y) 
s 

Slag-Metal interfacial 
tension (y / ) s m 

Oxygen flow rate (Q) 

Blow time 

Metal tempe rature 

18 ft. 

3 in •. 

4.5 ft. 

4.5 ft. 

1.5 ft. 

7.2 gm cm-3 (448 lb ft-3) 

~3.5 gm cm-3 (187 lb ft-3) 

5-' ~e~tipoise 
.69 centistokes 

:50· cèÎitipoise 
14.3 centistokes 

1200 dynes -1 cm 

500 dynes -1 cm 

700 dynes -1 cm 

3 -1 20,000 SCFM (6.8 x 10 ft sec ) 

20 minutes 

*Lance height or lance to bath distance is the distance between the lance 
tip and the slag surface. '-' 
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4.1 Room temperature Model Scale Factors 

The data characterizing the room temperature mode l, are list~d in 

Table. 4.2. Singly primed variables refer te the room temperature model. 

TABLE 4.2 

CLEAR ACRYLIC PLASTIC BOF MODEL 

Vessel diameter (D') 
, 

Lance diameter (dl) 
, 

Lance height (h ) 

Sodium bicarbonate , 
solution depth (t ) w 

Oillayer. depth (t') o 

NaHC03 solution density (p;) 

Oil densi ty (p') .. 0 

NaHC03 solution 
Viseosity 

Oil viscosity 

, 
(lJ.,/ 
(nw) 

(lJ.') 
(n9) o 

NaHC03 surface tension (y;) 

Oil surface tension (y') o 

NaHC03 - Oil interfacial 
tension (y' ) ow 

Gas flow rate (90%Ar&10%HC1) 

Blow time 

Solution tempe rature 

10. cm 

.15 cm 

2.5 cm 

2.5 cm 

.84 cm 

1.033 gm cm-3 

.8454 gmcm-3 

1. 25 ·centipoise 
1.21.centistokes 

17.9 centipoise 
21.2 centistokes 

-1 75.4 dynes cm 

-1 29.3 dynes cm 

-1 49. 7 dynes cm 

100 cm3 sec-1 (5659 cm sec-1) 

5 minutes 



- 42 -

Gas densities in the two systems are ca1cu1ated using theidea1 gas . 

law: 

pli (oxygen) .025 lb ft-3 et 800°C g 
pli (CO) .020 lb ft-3 at 8000C g 
plg ( 90%Ar&10%HC1) -3 - .0016'2 gm cm at 250C 

plg (C02) -3 . 250C - .00180 gm cm at 

Gas ve10cities in lhe two systems are a function of the nozz1e characteris-

tics and f10w rate: 

-1 v" (oxygen) - 6790 ft sec g 

Vi (90%Ar&10%HC1) - 5659 cm sec-1 
g 

The sca1e-down ca1cu1ations. for the room tempe rature mode1 were 

made using the vesse1 inside diameter and f1uid properties as known starting 

values. The dimension1ess groups and their corresponding dimension1ess 

numbers are shown in Table. 4.3 for the room temperature mode1 an4 the 

prototype. 
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TABLE, 4.3· 

SIMI.LARITY· ClUTElUA 
.• 

PltOTOTYPE . . ~ r' 
; 

ROOMTEMPERATURE MODEL .. 

Dimension1ess Dimension1ess Dimensionless . Di~ens:l,on1ess· 
Group Number Group, Numbe~ 

.. 

D 72 , D' . 67.7 
dl di· , 

D 4 D' 4 -' h' h 

D 12 D' 12 t· t' s 0 

D 4 D! 4 
t -, 
m tw 

2:m 2.1-2.5 ~ 1. 2-1. 3 Ps P·o· 

. 
20.6 ~ 17.5 .!ls 

nm nw 

lm 2.4 ~ 2.6 
Y Yo 

.-
Modifi~d Froude 

2 p' v,2 
~ 320 p! dig 

341 
P1dg ' 

Reynolds of gas jet 

d1vg 6 d' v' . 4 9.93 x .10 w S 2.19 x 10 
ng n' g 
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Table 4.3 sh-ows that'mostof .the important dimensionless groups, 

including the modifiedFrouqe number, have been maintained almost i denti cal.;· 

The jet, Reynolds number is seen to be cons iderab ly, lower in the' model ,than" 

3 52 the prototype, but both jets are in the . turbulent, range· (Re > 10) • 
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4.2 High Temperature Mode1 Sca1e Factors 

The c~nstituents of the hightemperature mode1 are the same as 

those of the indus trial BOF, onlythe vesse1 size is different. Double 

primed variables represent the high temperature model. in Table 404. 

TABLE 4.4 

HIGHTEMPERATURE MODEL 

Inside diameter (D") 

Lance diameter (dï) 

Lance height (h") 

Iron depth (t") m 

Slag depth (t") 
s 

Oxygen f10w rate (Q) 

Metal tempe rature 

Blow Ume 

6 in. (15 cm) (1:36) 

3/32 in. (.24 cm) 

1-1/2 in.(3.81 cm) 

1-1/2 in.(3.81 cm) 

1/2 in. (1. 27 cm) 

1.5 SCFM (709 cm3 sec-l ) 

13500C start 

10 min 

The simi1arity criteria, in the form of dimensionless numbers 

are shawn for bath model and prototype in Table 4.5. 
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TABLE 4.5 

" 

SIMILARITY CRITERI~ 

PROTOTYPE RIGH TEMPERATURE MODEL 
.'- . 

Dimension1ess Dimension1ess Dimension1ess ' Dimension1ess 
Group Number Group Number 

. 
D 72 D" 64 
dl dIt 

1 

D 4 D" 4 
h h" 

D 12 D" 12 -' t''' t s s 

D 4 D" 4 - tIf t " m m 

Modi~~ed Froude 

2 
p" v,,2 Pg v 320 60 g 

Pl dg 
g g 

pi d"g 
, . 

ReYllo1ds gas jet 

d1 v
g 

6 dIt vI' 4 909 x 10 1 g 2.4 x 10 
ng n" g 

In the iron-slag system sca1ed down from the prototype, modified 

Froude numbers are maintained simi1ar. Gas, flow in the jet is turbulent in 

both cases sincethe Reynolds numbers are greater than the critica1 value 

of 103 52 
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4.3 Chemica1 Simi1arity 

In the high temperature ~ode1, where th.e materia1s invo1ved in 

chemica1. reaction,sare the same as in .the BOF, it is on1y necessary that 

thermal conditions be similar to those. of the prototype. To achieve perfect 

thermal similarit}) which isa requirement for chemica1 similarity, abs.o1ute 

temperatures mu~t be comparable and, temperature differenc.es must differ by 

the .cubeS3 of the pertinent 1ength dimension. However, chemica1 reaction 

rates are very fast ·in stee1making systems and the pred~minant rate contro11-

ing step is diffusion or mass transfer. In that case equa1 concentration 

53 differences will give a good first approximation for chemica1 simi1arity • 

The 10w temperatute ~odel is based on an instantaneous chemica1 

reaction, since it invo1ves thecombinat:lon of idns in solution •. The· fo110wirtg 

criteri-a were considered in choosing the most applicable concentration for 

the sodium bicarbonate solution: 

The starting carbon concentration in the pig iron is 'approximate1y 4.0 weight· 

% carbon. Expressing this carbon content as a mole fraction yie1ds 16.24 

mole % C. In terme of moles of carbon per volume of iron the carbon concen-. 

tration is 24 moles per litre. The above concentrations of sodium bicarbonate 

-1 
in water would be equiva1ent to 905 gm 1 (16.24 mole % NaHC0

3
) and 2016 gm 

-1 1 (24 moles NaHC0
3 

per litre). In both cases the concentration exceeds the 

54 -1 0 solubility of·sodium bicarbonate in water which is 69 gm 1 at 0 C and 

-1 0 164 gm 1 at 60 C. 

The reaction in the mode1 can be written as: 

ehowing that it is'the bicarbonate ionwhich undergoes change and the sodium 

ion'remains unehanged. in ·s.ol\1.ti:.,n~: The reaetion in a basic oxygen furnace 
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can,be writte~ as:: 

C ~ 1/2 02 ., CO 

showing that. the ',disso1ved, carbon undergoes ,a simi1ar ,change to the bi~ar~ 

bonate io~in,the lowtempera:tur~ system •. 

For convenienc~ th~, ~nitia1 :sa1t concentr""tio~ was ~e1ected'as 

being 4,wëi~ht '% ijCO; in ~ater as co~pa~ed tO.4 weight ,% C in irone The 
, ' , 

conversion of 4 we~ght % RCO; to p.orm41 concentrations ,resu1ts in 56.9, 

-1 . , sm 1 (.68N) sodium:'bi~àrboIiate, whi,ch' is within the solubility ,range at 

room temperature. A p1ot'showing wt % RCO; as a function ofnorma1ity con~ 

cen~ration i~ given in,~ppendix I. 
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CHAPTER 5 

5.0 ROOM TEMPERATURE INVESTIGATION 

The room temperature investigation consistedof studies of a. 

reactive gas jet impinging norma11y upon a two-phase 1iquid system. The 

upper 1iquid phase (inert) was oi1 and the10wer 1iquid phase was sodium 

bicarbonate solution. The reactive gas emp10yed was HC1, which reacted 

with the. disso1ved sodium bicarbonate to fo~ CO2 as the reaction. product. 

In a11 experiments the reactive gas, HC1, was di1uted to 10% by volume 

in order to .reduce the HCO; remova1 rate to a readi1y measurab1e value. 

Measurements of the cavity formed by the gas jet were made and 

the amount of 10wer layer dispersed into the upper layer and the rates of 

reaction in the upper and lower 1ayers of the system were determined. 

Liquid properties and lance size,. height above 1iquid surface, and gas 

f10w rate were varied. 
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5.1 Experimental Apparatus 

The room temperature apparatus (Figure ~.2) consisted of a 4" 

(10 cm) interna1 diameter perspex cy1inder. The interna1 height of the 

container and the position of the 1iquid-1iquid interface cou1d be varied by . 

inc1uding or exc1uding 4 perspex dis cs of various thicknesses in the bottom 

of the container. A container height of 10 cm was used for most of the 

tests. The two 1iquid phases cou1d be separated at any chosen time by push-

ing a 20 gauge (.0375 inch, 1 mm.) nickel plate acros~ the container thus 

sea1ing off everything above the plate. The height of aqueous 1iquid used 

in theexperiments was 1 inch (2.54 cm) and the height of oi1.was 1/3 inch 

(.84 cm). The position of the 1iquid-1iquid interface was adjusted so that 

the slide was in the oi1 layer just above the interface. 

The mouth of the vesse1 was f1anged to enab1e a glass cover to be 

fitted, whi1e a cardboard gasket soaked in oi1 was used as a sea1 between the 

cover and the vesse1. The cover was c1amped secure1y to the vesse1 to pre-

vent any gas 1eaks. The glass cover was equipped with 4. B24 ground ho1es, 

o one at the center and thr~e p1aced at 120 to each other at the perimeter. 

A 20 inch (50 cm) 1ength of capi11ary tubing was fixed into the 

center ho1e by using a No. 4 one-ho1ed rubber stopner. The lance was he1d 

steady from above by a mobile piece of perspex which cou1d be adjusted to 

make the lance vertical. The capil1ary tubing used for the lance varied 

between .09 cm and .27 cm I.D. 

The gas jet consisted of a mixture of 9 parts argon to 1 part 

hydrogenchloride. The argon (A) was metered by a Gi1mont ba11-type flow­

meter (Figure 5.1) with a capacity of 0-180 (±2) cm3sec-1(B). The hydrogen 

chloride (C) gas flow was metered by a venturi meter with a capacity of 
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3 -1 0-30 (±. 5) cm sec (D) • The two flows were co.mbined by use of a Y j unc t;ion 

(E) and the pressur~ was measured ona mercury manometer (F). An auxiliary 

line to waste (G)·was,used to produce a steady gas f10w whereupon the f10w 

was switched to thereaction vesse1 (H) while a stopwatch was simu1taneous1y 

activated., 

The argon f10wmeter was ca1ibrated by measuring the time needed 

to dis place 8 litres from a 4 ft (120 cm) high cy1indrica1 co1umn,of water. 

The hydrogen ch10ride gas f10wmeter cou1d not be ca1ibrated in this way,due 

to, the high solubi1ity of HC1 in water and most other avai1ab1e 1iquids. The 

toxicity of HC1 a1so prevented the use of a soap film meterfor the 

calibration. 

The method used, invo1ved bubb1ing the HC1 into a closed f1ask of 

disti11ed water over a timed interva1. The acid was then ana1yzed vo1ume-, 

trically to determine the number of moles of HC1 and hence the HCl volume" 

at b1o.wing conditions. An experimenta1 check using argon through the sarne 

f1owmeter· (adjusted ,for HC1 proper.ties) verified the calibration curve. 

Exhaust gases from the top of the vesse1 were directed into a series 

of gas absorption f1asks (1) containing sodium carbonate solutions~ Sodium 

carbonate was chosen because of its avai1abi1ity and its relative efficiency 

in absorbinghydrogen ch10ride. This is demonstrated stoichiometrica11y by 

considering three possible chemica1s NaOH, NaHC03, NaC03 

HC1 + NaOH - NaC1 + H20 
HC1 + NaHC03 a NaC1 + CO2 + H20 

2HC1 + Na2C03 = NaC1 + CO2 + H20 

Methy1- red: indil::ator was used ta <warn whenthe 'absorbing solution 

was spent. 
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5.2 Materia1s· 

The purities of the cyl1nder gases were as fo11ows: 

Argon: Canadian Liquid Air 
Montrea1~ Quebec 

Pure gas 99.996% purity 

Hydrogen Ch1oride: Mathes on of Canada Ltd. 
WPitby, Ontario 

Technica1 Grade Purity 99.0% minimum 

Water: Single disti1led 

Sodium bicarbonate: Fisher Scientific Ltd. 
Montreal, Quebec 

Technical Grade 99.9% pure 

Oi1 (Slag simulation): Mixtures of paraffin 

(Shell Pella 911) and Non-detergent Oil 

(Shell SAE-10W) 

She1l Canada Ltd. 
Montreal, Quebec 

The properties of the 1iquids were: 

TABLE 5.1 

250 C 4%HC03 solution 

Density gm -3 1.033 cm 

Viscosity (cenistokes) 1.21 

Viscosity ( centipoise) 1.25 

2 -1 4 x 
-5 (54.) 

Diffusivity of HCl cm sec 10 

-1 Surface Tension (dynes cm ) 75.4 

-1 Interfacia1 Tension (dynes cm ) 32.3 

OIL 40P 

.845 

21.2 

17.9 

29.3 
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5.3 Procedure 

A .6803N solution of.NaHC03 was prepared by weighin~ the appropriate 

amount of dry salt and dissolving it in distilled water in a volumetrie flask. 

The concentration was checked by titration against a standard HCl solution. 

The oil was prepared by combining the appropriate amount of the 

low viscosity and high viscosity oils. 

The initial step in each test was to add the bicarbonate solution 

to the reaction vessel through a funne1. The oil was then carefully added 

so as not to leave any oi1 lens' sticking to the bottom of the vessel. The 

separator slide (Figure 5.2) was th en tested to ensure that it passed above 

the interface. The quantities of liquids used in a typical test are il1us-

trated in Table 5.2 

Phase 

Aqueous 

Oil 

Liquid above 
slide 

TABLE 5.2 

222 

70 

60-65 

Depth 
(cm) 

2.54 

.84 

When the liquids were in place the lance was moved into position 

and aligned vertica1ly. The gas recovery connections were checked and the 

gas flows were activated through the auxi1iary waste line and were adjusted 

to the required rate. After stabilization for about one minute in the 

auxiliary unit the flow was diverted to the model BOF as the second hand of 
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the stop-watch passed the minute mark. 

At ,the end of the jetting period the nickel slide was pushed across 

thesyst~m thus trapping the foam and emulsion in the upper layer •. The gas 

flows were diverted back to the auxiliary circuit and then stopped. The 

liquid below the nickel slide was drained into a 250 ml beaker. This aqueous 

solution had a 1/16" thick cQvering of oil on its surface, ensuring that the 

nickel slide passed slightly above the interface. The upper emulsified 

phase was drained into a 150 ml beaker and the emulsion was allowedto settle. 

In most of the tests the emulsion was sufficiently uns table 80 that 

the aqueous fraction separated from the oil fraction completely within a few 

minutes. The accomplishment of complete separation was verified by À~lene 

extraction of the water and distillation, a standard procedure for separating 

water/oil emulsions. 

The procedure is as follows: About 250 ml of xylene is combined 

with 50 ml of emulsion (Figure 5.3) and.the mixture is heated to boiling in 

a conical flask (A). Xylene and water boil.off and condense in the condensing 

column (B) where the liquids fall back to the graduated collection tube (C). 

Water is the more dense liquid and settles to the bottom while the xylene forms 

the top layer. The collection tube is made so that xylene will be returned to 

the conical flask to be recycled. 

This distillation procedure was a necessity in the case of the 

stable emulsion produced as a result of the addition of surface active agents 

to the system. 

The relative volumes of oil and sodium bicarbonate solution were 

noted and the sodium bicarbonate concentration of the solution was determined 

against a standard HCl solution. The lower liquid was also analyzed for sodium 
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bicarbonate concentration in the same way. The titration procedure will be 

discussed in a 1ater section. 

The above experimenta1 procedure was fo110wed on fresh 1iquids for 

periods of 1 min., 2 min., 3 min., etc. of 1ancing unti1 the end point of 

the reaction was reached. ~ach test yie1ded one point for the curve of 

HCO; c~ncentration versus time. This method was necessary due to the 

difficu1ty in obtaining adequate emu1sion and bath samp1es without upsetting 

the system. 

The oi1 viscosity was measured after each run by a gravit y method 

using Cannon-Fenske Routine Viscometers. Surface and interfacia1 tensions 

were measured by the drop-weight technique using the empirica1 correction 

factors of Harkins and Brown55 • 

Titration Procedure: The titration procedure used for the sodium bicarbonate 

56 solution was that given by Be1cher and Nutten • An approximate .1N standard 

solution of hydroch10ric acid is prepared by di1uting concentrated hydro-

ch10ric acid (usua1ly between 10N and 11N) 100 times. Standardization is 

carried out by titrating against primary standard sodium bicarbonate. The 

57 indicator proposed by Hoppner consisting of a mixture of dimethy1 yel10w 

and bromocreso1 green was used to signal the end point of the titration. 

The reaction is as fol10ws: 

2 HC1 + Na2C03 = 2 NaC1 + H20 + CO 2 

The primary standard sodium carbonate solution is prepared by weighing the 

o pure salt which has been dried for one hour at 270-300 C and disso1ving it 

in distil1ed water. Sodium bicarbonate is not suitable as a primary standard 

because it decomposes upon heating. 
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The mixed indicator, which turns yellow in a weakly alkaline solu~ 

tion, is added to a measured volume of standard sodium carbonate solution in 

a conical flask. The hydrochloric acid to be standardized is added to the 

solution via a burette until the indicator turns blue. 

Dimethyl yellow - bromocresol green gives a colour change to blue 

in acid solutions, indicating the end-point. The high concentrations of 

carbon dioxide present in solution do not interfere with the end-point 

iIldication of this indicator. 

The standard hydrochloric acid solution was used to titrate the 

sodium bicarbonate solution samples obtained from the model BOF. The 

calculation of the normality of the sodium bicarbonate solution was based 

on the fact that for this reaction: 

acid equivalents must equal basic equivalents. 

No~~lity of NaHC03 x Volume of NaHC03 

- Normality of HCl x Volume of HCl 

or 

1be weight per cent of HC03 ion corresponding to the normal concentration 

is obtained by referring to Figure A.l in Appendix I. 
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5.4 Experimental Results RoomTemperature System 

The experimental investigation consisted principally of studies 

of the reaction rate occurring in the upper and lower layer of the model 

BOF. The degree of foam and emulsion formation by the gas jet was studied 

in the. same experiment. 

The specifie areas of study in the room temperature (24-26°C) 

experiments were: 

(a) Geometry of gas cavity at different lance conditions. 

(i) Rate of reaction and degree of emulsification with 
varying lance heights. 

(ii) Rate of reaction and degree of emulsification with 
varying flow rates. 

(iii) Rate of reaction with varying lance diameter. 

(iv) Rate of reaction and degree of emulsification with 
varying oil viscosity. 

(v) The effect of a surface active solute in the oil 
layer upon the degree of emulsification and 
simultaneously on rate of reaction. 

(vi) The effect of the oil layer thickness upon the 
degree of emulsific~tion and rate of reaction. 

(b) Change in behaviour with the use of a reactive upper layer 
to simulate a reactive slag. 

AlI quantitative results obtained for the room temperature 

experiments are tabulated in Appendix II and are presented graphically 

in Figures 5.5 - 5.31. Discussion of aIl results is reserved for 

Chapter 7.0. 
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5.4-1 Quali tati ve Observa tions"of Cavi ty Formation & Behaviour 

Under a11 test conditions sma11 CO2 bubb1es were formed on the 

bottom of the reaction vesse1 by about the mid-poi~t of the reaction. The 

bubb1es nuc1eated at a favourab1e site, often scratches or chips in the 

perspex, and grew to e10ngated spheres. The bubb1es broke away after severa1 

seconds to rise toward the upper surface. Very fine stringers of CO2 were 

a1so observed to rise from various intermediate locations in the bath. The 

stringers had the appearance of miniature tornados. 

As soon as the gas jet was turned on and the crater was formed, a 

frothiness deve10ped at the O/W interface. As the reaction proceeded, a foam 

of CO2 bubb1es appeared at the surface surrounding the cavity, whi1e the 

frothiness at the O/W interface subsided and c10uds of sma11 CO2 bubb1es were 

thrown from the region of the crater into the bu1k of the bath. In addition, 

fine drop lets of oi1 were thrown down into the bath. When the system was 

viewed through a te1escope, these oi1 drop1ets were noticed to be the nuc1eat­

ing points for the CO2 stringers. The 10wer 1iquid was murky in appearance 

suggesting that an O/W emu1sion was formed to a sma11 extent. 

The important variable with regards to the f1uid dynamicB of the 

system was the depth of penetration and size of the gas jet cavity or crater. 

The conditions which produced a deep cavity were observed to be: low lance 

height; high f10w rate; and a sha110w oi1 layer. The opposite conditions 

resu1ted in a poor cavity penetration into the 10wer 1iquid. 

Under conditions of good cavity penetration, the oi1 surface soon 

becomes covered with a stable white foam and the bottom 1iquid becomes very 

murky. Near the latter part of the reaction, surface foams 1eap up higher 

than the lance tip especia11y in the case of 10w lance heights. Drops of 
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the lower liquid are entrained in the gas jet and arecontinuously thrown 

into the atmosphere. 

Qualitative runs with a few drops of methyl red indicator added to 

the aqueous layer showed that the drops thrown into the atmosphere were 

either red in colour when they landed on the perspex wall or turned to red 

a few seconds later. The red co10ur of the indicator indicated that the 

drop had comp1etely lost its disso1ved sodium bicarbonate salt and may weIl 

have gained a measurable concentration of Hel. 

The normal sp1ashing and slopping of oi1 and aqueous solution at 

the cavity was apparent with both high and low viscosity oils. However, the 

higher viscosity oils were noticeably more sluggish in splashing than the 

low viscosity oi1s. More fine drop lets of oil were thrown into the 10wer 

layer and a higher degree of stirring occurred when a 10w viscosity oil was 

used. 

The addition of a surface active solute to the oil had a very 

marked effect. Foaming began gradua11y but since the foam was stable it 

continued to rise until after a few minutes it had comp1etely passed the lance 

tip and was reaching the vessel top. After foaming the bath at the bottom 

of the vessel consisted of a 1/4" aqueous layer covered with 1/~" of oi1 as 

compared to the original layer thicknesses of 1" aqueous and 1/3" oil. The 

normal cavity in the aqueous layer was not visible because the gas f10w was 

not strong enough to reach the aqueous phase in the vessel bottom. The 

reactive gas 1eft the lance and rose through the foam in a stream of 

bubb1es. 

Table 5.3 summarizes qualitative observations in the room temper­

ature investigation. 



VARIABLE 

Lance Height 
& 

Flow Rate 

Lance Diameter 
(constant gas 
ve10city) 

Oi1 
Viscosity 

Oi1 layer 
Thickness 
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TABLE 5.3 

VARIABLE RANGE 

Low lance height 
or 

High f10w rate 

OBSERVATIONS 

Deep penetration of cavity. 
Largeamount of foam on oi1 
surface. Much sp1ashing and 
circulation. Tendency to 
form O/W emu1sion. 

High lance height Poor penetration of cavity. 
or Sma11 uns table foam in 

Low f10w rate constant motion on surface. 

Large Dia. lance 

Sma11 Dia. lance 

High Viscosity 
oi1 

Low Viscosity 
oi1 

Thick covering 
of oi1 

Thin covering 
of oi1 

Little or no evidence of 
sp1ashing. 

A large f10w rate is needed 
to simu1ate BOF gas ve10cities 
A large deep crater is formed 
with much sp1ashing, foaming 
and stirring. 

A 10w f10w rate is needed 
to simu1ate BOF gas ve10cities 
A sma11er cavity is produced. 
The cavity is not 50 deep as 
with a large diameter lance 
and stirring is not so 
efficient. 

Sp1ashing appears to be 
more sluggish than with 
10wer viscosity oi1s. 

A greater amount of fine oi1 
drop1ets are thrown into the 
10wer layer. Stirring is more 
pronounced. 

The effective penetration into 
the aqueous layer is reduced. 
Foam formation is more difficu1t 
and 1ess aqueous phase is 
sp1ashed into the atmosphere •. 

The effective penetration into 
the aqueous layer is greater. 
More aqueous phase is sp1ashed 
into upper atmosphere. 



VARIABLE 

Addition 
of Surface 
Active Agent 
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TABLE 5.3(continued) 

VARIABLE RANGE 

Surface Active 
Solute in oil 

OBSERVATIONS 

A stable foam developed on 
surface. The foam continues 
to grow until the top of the 
vessel. 75% of the initial 
liquid is dispersed into 
foam and emulsion. 

High speed motion pictures were taken of the gas cavity using a 

Locam Camera manufactured by Red Lake Labs, California. Pictures at 500 

frames per second show that the depression was very uns table. The depth 

of the gas cavity changes markedly as the gas jet searches for the path 

of least resistance. The gas jet dislodges packets of bicarbonate solu-

tion during its maximum penetration and flings them into the above 

atmosphere as it ris es to its minimum penetration. Figure 7.2 illustrates 

this observation. 
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5.4-1 Geometrica1 Measurements on Gas Cavity Penetration 

The size of the cavity be10w an impinging gas jet provides a 

criterion for the effectiveness of gas-1iquid contact, hence examination 

of cavity size and shape were inc1uded in the room temperature experiments. 

The range of f10w rates and lance heights used in the experiments 

were chosen according to the ru1es out1ined in Chapter 4. The physica1 

limitations of the apparatus were a1so considered when choosing the range 

of variables to be used. 

The size of the cavity produced under different conditions of 

lance height and f10w rate were measured in the c1ear perspex apparatus 

by means of a te1escope mounted on a vertical vernier sca1e. The distance 

between the oi1-water interface and the bottom valley of the cavity was 

taken as the effective depth of the depression. The diameter of the cavity 

at the oi1-water interface was sighted against a ru1e through the te1escope. 

The quantities measured are i11ustrated in Figure 5.4 and the 

resu1ts are given in Table 5.4. The dimension1ess group (n+t)/h is p10tted 

against 
• 3 
M/P1gh (which combines the important lance parameters) in Figure 

5.5. The formu1ae used to describe the cavity geometry are given in 

Section 7.2-3. 



h 
(cm) 

3.5 
3.0 
2.5 
2.0 
1.5 

2.5 
2.5 
2.5 
2.5 
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TABLE 5.4 

cm~sec n m n+t 
cm cm cm 

100 
100 
100 
100 
100 

120 
110 
100 
90 

1.054 1.10 1.894 
1.238 1.20 2.078 
1.408 1.20 2.248 
1.579 1.40 2.419 
1. 789 1.50 2.629 

1.935 1.50 2.775 
1.589 1.30 2.429 
1.336 1.20 2.176 
0.901 1.10 1. 741 

1~. 
h M 

A 
(Surface area 
of parabo1oid) 

. 
n+t A M 
h cm2 dyne 

sec 

.541 2.637 922 

.693 3.345 922 

.899 3.748 922 
1.210 4.925 922 
1. 753 5.943 922 

1.110 6.380 1328 
.972 4.564 1116 
.870 3.577 922 
.696 2.313 747 

OIL 

Figure 5.4 Diagram of gas cavity showing important dimensions. 

• 3 M/P1 gh 

.0212 

.0337 

.0583 

.1138 

.2697 

.0839 

.0705 
.• 0583 
.0472 
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Figure 5.5 Dimension1ess Plot Corre1ating Cavity Depression to jet 
momentum and lance height. 



5.4-3 The Effect of Lance Characteristics on Reaction Rate 

The effects of lance height, gas flow rate and lance diameter upon 

the rate of reaction in the bath and in the emulsified layer were investi-

gated. The concentrations of sodium bicarbonate salt are reported as weight 

per cent bicarbonate ion to approximate steelmaking practice and figures. 

The correlation between %HCO; and normality is given in Appendix I, 

Figure A.l. 

i Lance Height 

The lance height was varied between 1.5 cm and 3.5 cm at a con­

stant flow rate of 100 cm3sec-l and lance diameter of .15 cm. These condi-

tiens were acceptable in terme of modified Froude similarity and yet allowed 

the widest range of lance heights to be covered without exceeding the 

physical limits of the apparatus. The gas was always a mixture of 90% 

Ar - 10% HCL 

For the tests the variables were as follows: 

Lance height - 1.5, 2.0, 2.i' 3.0, 3.5 cm 
Flow rate - 100 cm3 sec-
Lance diameter - .15 cm 
Oil depth - .84 cm (volume 70 cm3 viscosity 21 cstks) 
Solution depth -2.5 cm (volume 222 cm~ 4 %HC03) 

A typical HCO; removal curve is plotted in Figure 5.6. The rate 
. 

of bathOreaction versus lance height is shown in Figures 5.7 and 5.8. The 

rate of reaction in the emulsified solution versus lance height is given 

irt Figures 5.9 and 5.10. Figure 5.11 plots degree of emulsification against 

lance height. 
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Figure 5.6 Curve of Impurity Co~cen~iation vs Time for lance 
conditions: Q-100 cm sec , h-l.5 cm, d-0.15 cm. 
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ii Flow Rate 

The rate of reaction in bulk liquid and in the emulsified 

liquid was determined for each flow rate. The gas was always a mixture 

of 90% Ar - 10% HCl. 

For the tests the variables were as follows: 

Flow rate Q - 90, 100, 110, 120 cm3 sec-l 

Lance height h - 2.5 cm. 
Lance diameter d - .15 cm. 
Oil depth t - .84 cm (Volume 70 cm3, 

viscosity 21 cstks) 3 
Solution depth 2.5 cm (Volume 222 cm , 4%HCO;) 

A typical HCO; removal curve is shown in Figure 5.12. The 

rate of bath reaction versus flow rate is shawn in Figures 5.13 and 

5.14. The rate of reaction in the emulsion is given by Figures 5.15 

and 5.16. The dependence of degreeof emu1sification upon flow rate 

appears in Figure 5.17. 
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iii Lance Diameter 

In a study of the importance of lance diameter on the reaction 

rate it was necessary to decide on a flow variable to restrain constant so 

that a meaningful comparison could be made. Unfortunately this could not be 

done because of the inability of the gas flow apparatus to cope with the wide 

range of pressures involved. Keeping the exit velocity constant 

3 -1 (5.81 x 10 cm sec ) by varying the flowrates of the different diameter 

lances was the method chosen. Lance momentum may have been a better variable 

to keep constant but the range of pressures restricted this to too small a 

range of lance diameters. 

The basis for comparison of the performance of the different 

diameter lances was to use a constant gas velocity for each lance and to 

blow the same total volume of gas for each. The equivalent amount of salt 

which would stoichiometrically react with the volume of gas used is compared 

to the actual amount of salt actually reacted in the given time interval. 

In this way an efficiency for each jet diameter can be computed. Table 5.5 

lists the lance sizes and procedure followed and Figure 5.18 shows the 

relative efficiency of each lance. The remaining variables are held constant 

at the previous conditions listed on Pages 20, 26. 

TABLE. 5.5 

LANCE DIAMETER FLO:fRATE_l FLOWTlME TOTAL GAj DEL' D HCl DEL' D fFF 
cm cm sec sec 

.093 39.7 755 

.148 100 300 

.203 189 159 

*Efficiency = Actua1 measured %HCO; 

Stoichiometric % HCO; 

cm 

30,000 3000 

30,000 3000 

30,000 3000 

- Stoichiometric %HCO; 
Expected 

Expected 

cm 

19.1 

62.1 

72.0 

HCO; 
% 

3.58 

2.10 

1. 78 

xlOO 
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5.4-4 The Effect of Upper Layer Properties on Reaction Rate 

The importance of the oi1 layer' upon reaction rate was studied 

with reference to oi1 layer viscosity and the presence of a surface active 

solute in the oi1 layer. 

i Viscosity 

The viscosity of the oi1 layer could be varied by varying the 

concentration of Pella and SAE 10W oi1s in the oi1 mixture. Figure 5.19 

gives the correlation between viscosity and oi1 composition. The viscosity 

of the oi1 was checked after each experiment"to e1iminate any change due 

to the corrosive conditions of the vesse1. 

The experimenta1 conditions were: 

Lance height - 2.5 cm 
Lance diameter - .15 cm 
Flow rate - 120 cm3 sec-1 3 
Oi1 depth - .84 cm (volume 70 cm ) 
Solution depth - 2.5 cm (volume 222 3 cm , 

The rates of reaction as a function of viscosity are shown in 

Figures 5.20-5.23. A plot of degree of emu1sification against viscosity 

is given in Figure 5.24. 
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ii Surface Activity 

The inter facial tension between the sodium bicarbonate solution 

could be drastical1y changed by adding a surface active solute called IGEPAL 

CO-710 (Chemica1 Developments of Canada Ltd.). This clear syrupy liquid was 

dissolved in the oil, changing the surface chemistry of the oil layer. It 

was not possible to cover a range of interfacial tensions due to the high 

surface activity of the solute. 

Two composit~ns were used: 

Oil (Viscosity 21 cstks) 

.2% by volume IGEPAL 

.4% 
0% 

Interfacial Tension .in 
Contact with 4% RCO) 

'V 8 
< 5 
50 

-1 dynes cm_l dynes cm_l dynes cm 

-1 
The surface tensions of theoi1s remained at 30.4 dynes cm • 

The other variables were fixed constant at: 

F10wrate 
Lance Reight 
Lance Diameter 
Oi1 Depth 

3 -1 -120 cm sec 
-2.5 cm 
- .15 cm 
- .84 cm 3 (70 cm oi1, 

viscosity 21 
Solution depth 

cstks) 
(222 cm3 4% RCO;) 2.5 cm 

Figure 5.25 and 5.26 show rate of reaction in bath and in emulsion. 
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5.4~5 The effect of Depth of Upper Layer on Reaction Rate 

The thickness of the oil layer above the sodium bicarbonate 

solution was varied to understand its importance in the reaction rates. 

The depth of the oil and the corresponding volumeused is listed below: 

TABLE 5.6 

Depth 40P Oil 

.43 cm 

.68 cm 

.86 cm 
1.11 cm 
1.30 cm 

3 Volume Used (cm ) 

35 
55 
70 
90 

105 

The other variables were kept constant as follows: 

Flowrate 
Lance heigh t 
Lance Diameter 
Solution depth 

3 120 cm 
2.5 cm 

.15 cm 
2.5 cm 

-1 sec 

3 -(Vol. = 222 cm 4%HC03) 

Figures 5.27 - 5.30 show the relationship between oil layer thickness and 

rates of reaction in the bath and the emulsion. Figure 5.31 shows the 

dependence of degree of emulsification as a function of oil layer depth o 
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5.4-6 The Effect of a Reactive Oil on Reaction Rate 

The rate of HCO; removal from aqueous solution by HCl dissolved 

in the oil phase was examined by placing an oil layer which had been exposed 

to an HCl jet on top of a 4 %HCO; solution. The oil employed had been reacted 

with the HCl jet in a usual jetting experiment and hence it had the react-

ivity of oil which would be found at the end of a jetting experiment. 

The measured rate of reaction of NaHC03 indicated the flux of HCl 

- -8 -2-1 between the oil and the 4%HC03 layer was 4 x 10 moles cm sec • This 

rate was so small as compared with the observed reaction rates in jet experi­

ments of 10-4 moles cm-2 sec -1, that the oil-aqueous reaction could'~be 

neglected. 

An attempt was made to simulate a reactive slag by dissolving 

ferric chloride in the oil layer. The method used was to first dissolve 

about 2.4 gm FeC13 in 150 ml of ether. The ether was th en mixed with 

the Shell SAE-lOW oil. The oil turned from a golden colour to a dark green. 

This was due to the FeC13 not being in true solution in the oil but probably 

as a colloidal dispersion' •. In.this system two reactions were of importance: 

Gas jet - sodium bicarbonate solution reaction: 

HCl + NaHC03 = NaCl + H20 + CO2 

Since the Na+ion and the Cl ion stay in aqueous solution and undergo no 

physical change, the reaction may be written in a short forme 

+ -i.e. H + HC03 = H20 + CO2 

The oil layer - sodium bicarbonate solution reaction: 

FeC13 + 3NaHC03 a Fe(OH)3 + 3NaCl + CO2 

The shorter form of expressing the reaction would be: 

Fe+3 + 3HCO; • Fe (OH)3 + CO2 
Ferric hydroxide leaves the solution as a brown precipitate. 
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5.4-6 The Effect of a Reactive Oi1 on Reaction Rate 

The rate of HCO; remova1 from aqueous solution by HC1 disso1ved 

in the oi1 phase was examined by p1acing an oi1 layer which had been exposed 

to an HC1 jet on top of a 4 %HCO; solution. The oi1 emp10yed had been reacted 

with the HC1 jet in a usua1 jetting experiment and hence it had the react-

ivity of oi1 which wou1d be found at the end of a jetting experiment. 

The measured rate of reaction of NaHC03 indicated the flux of HC1 

- -8 -2-1 between the oi1 and the 4%HC03 layer was 4 x 10 moles cm sec This 

rate was so sma11 as compared with the observed reaction rates iri jet experi­

ments of 10-4 moles cm-2 sec-l, that the oi1-aqueous reaction cou1d:be 

neg1ected. 

An attempt was made to simu1ate a reactive slag by disso1ving 

ferric ch10ride in the oi1 layer. The method used was to first dissolve 

about 2.4 gm FeC1
3 

in 150 ml of ether. The ether was then mixed with 

the She11 SAE-10W oi1. The oi1 turned from a golden co10ur to a dark green. 

This was due to the FeC13 not being in true solution in the oi1 but probab1y 

as a co110ida1 dispersion' •. In .this system two reactions were of importance: 

Gas jet - sodium bicarbonate solution reaction: 

+ Since the Na ion and the Cl ion stay in aqueous solution and undergo no 

physica1 change, the reaction may be written in a short forme 

+ -i.e. H + HC03 = H20 + CO2 

The oi1 layer - sodium bicarbonate solution reaction: 

FeC13 + 3NaHC03 = Fe(OH)3 + 3NaC1 + CO2 

The shorter form of expressing the reaction wou1d be: 

Fe+3 + 3HCO; = Fe (OH)3 + CO2 
Ferric hyqroxide 1eaves the solution as a brown precipitate. 
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Quantitative measurements which were obtained were not considered 

reliable due to the possible influence of the precipitate on the process. 

Difficulty was experienced in filtering the solutions before volumetrie 

analysis with Hel. Qualitatively a good foam appeared on the oil surface. 

A large amount of Fe(OH)3 precipitated in the emulsified region. 

The interface became covered with the precipitate and the aqueous 

layer soon became completely clouded with the stirring up of the precipitate 

by the gas jet. 
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CHAPTER 6 

6.0 HIGa TEMPERATURE INVESTIGATION 

The high tempe rature investigation consisted of a study of carbon 

removal from the iron in a small scale Basic Oxygen Furnace using a pure 

high carbon pig iron and an indus trial steelmaking slag. 

Measurements of the amount of metallic iron dispersed into the 

slag layer and the rates of reaction in themetal/slag emulsion .and the 

metal layer of the system were made. Lance size and height above the melt' 

were maintained constant, the princip le variable being oxygen gas flaw rate .. 
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6.1 Experimental Apparatus 

The high temperature apparatus consisted of a 5 1/2 - 6 inch 

(15 cm) internaI diameter Norton (Hamilton, Ontario) magnorite crucible. 

This crucible was cemented into the water-cooled copper coils of an induc­

tion furnace (30 kva, 10 kilocycle,motor generator TOCCO MELTMASTER 

IB-20037-7-63; Tocco Division - The Ohio Crank Shaft Co., Cleveland, Ohio, 

U.S.A.) A diagram of the induction heating assembly is shawn in Figure 6.1. 

A moveable trolley was used to house the oxygen lance which was a 

mullite tube 3/32 inch (.24 cm) inside diameter and 30 inches long. A 1/4 

inch inside diameter alumina tube of about 3 or 4 inches length was cemented 

to the end of the mullite tube to protect the oxygen lance from the slag and 

high temperatures during a blow. The lance was clamped so as to a110w easy 

vertical adjustment. Pictures of the apparatus assembly are shown in 

Figure 6.2 - 6.3. 

The oxygen gas was metered by a Gilmont bal1-type flawmeter with a 

capacity of 0-2.8 (±.03) SCFM. Gas analysis was nat performed on the off 

gases; the exhaust was collected and discarded through a heavy dut Y fume hood. 

Hot metal temperatures were measured using a Pt - Pt + 13% Rh 

thermocouple immersed in the melt. The thermocouple sheaths were of mullite 

and the thermocouple was protected for most of its length by a 1/4 inch 

diameter alumina tube. The last 3 - 4 inches of the thermocouple were pro­

tected by a 1/16" IoD. x 1/8" O.D. graphite sleeve which was cemented to the 

alumina tube. Graphite was found to be the best protective material due to 

its high thermal conductivity and its resistance to thermal shock and slag 

attack. 
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Figure 6.2 Apparatus with crucible in Induction Furnace, 
moveable trolley and mullite lance. 

Figure 6.3 Apparatus assembly showing control panel 
of Induction Furnace. 
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Figure 6.2 Apparatus with crucible in Induction Furnace, 
rnoveable trolley and rnullite lance. 

Figure h.3 .\PPi.lratlls ass(-mbly shD\ving (nntfl,L pdllvl 
of Inducti'lo Furnacl'. 
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During the course of an experiment two sets of samp1es were taken; 

one from the. iron bath and the other from the slag emu1sion. The iron samp1e 

was obtained in pin form by immersing a piece of 6mm vycor tubing (softening 

o point 1500 C) into the iron layer and applying suction by means of a rubber 

bulb. The slag sampling instrument was made by ~ashioning the end of an 

iron pipe into the form of a wide spoon. Slag samples were taken by scooping 

out some of the foaming slag with the spoon sampler fo1lowed by immediate 

quenching in water. The iron and slag samplers are shown in Figure 6.4. 

Figure 6.4 The upper half of the photo shows the iron sampler, consisting 
of a copper tube attached to vycor tubing. The black suction 
bulb has valves to facilitate quick easy vacuum application. 

The lower part of the photo shows the slag sampler with the 
removab1e spoon-shaped end. 
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6.2 Mater1als 

The pur1t1es of the cylinder gas 1s as follows:· 

Oxygen: 

Pig Iron: 

Canadian LiquidAir . 
Montreal, Quebec' 

99.5% 0" 
~ 

Quebec Iron and T1tanium Corp. 
Sorel, Quebec 

Sorelmetal F-3 

Typical Analys1s 

4.5 %C . 
• 015%S 
.027%P 
.18 %S1 
.009%Mu 

Steelmak1ng Slag: Dominion Foundar1esand Steel Corp. 
Hamilton, Ont. 

Slag Analysis 

25.5% Fe 
25.8% FeO 
8.09% Fe203 
0.36% Al203 

36.8 % CaO 
9.7 % MgO 
4.16% MuO 

11.2 % Si02 0.037%P205 
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6.3 Procedure 

Approximate1y 15-17 lbs of pig iron were weighed out froma 

broken ingot. The pieces were p1aced in the MgO crucib1e and the induction 

fumace was started. During the heat-up a natura1 gas bumer was trained 

anto the crucib1e for the purpose of cutting down heat losses from the top of 

the crucib1e and to main tain reducing atmosphere over the mo1ten meta1 and 

slag. 

When the iron was mo1ten, 300 gm of crushed slag (-14 + 20 mesh) 

were slow1y added to the iron surface. The slag, which is not receptive to 

induction heating, received a11 of its heat from the mo1ten iron and the gas 

bumer. 

When a11 of the slag had been added, the thermocouple was immersed 

into the mo1ten iron and the temperature was recorded. The tempe rature of 

o the bath was raised to 1350 C and was then maintained constant by regu1ating 

the plate voltage of the induction coi1s. The thermocouple was then removed 

from the me1t, the oxygen lance was positioned and then lowered to 1-1/2 

inches above the surface. The power was tumed off. 

After an initial iron samp1e was taken and the gas bumer was 

removed, the oxygen gas f10w was started and was adjusted to the specified 

rate as the stopc1ock was started. Iron and slag samp1es taken at regu1ar 

interva1s were immediate1y quenched in water. 

Iron Samp1e Ana1ysis 

The iron samp1es were broken into 1/4 inches 1engths weighing about 

1 gm and analyzed for per eent carbon using a Leco 70 second carbon ana1yzer. 

(Laboratory Equipment Corporation, St. Joseph, Michigan, Mod. 750-100). 

The Leco system consists of an oxygen purifying train, a high 

frequency induction fumace and a 70-second carbon ana1yzer. A dust trap, 
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sulphur trap, catalyst tube and heater are mounted on the furnace, which 

also has a raising mechanism fitted with a special cup-locking device to 

insure leak free operation. The analyzer is composed of a moisture trap, 

Wheatstone bridge circuit with thermal conductivity cell, weight compensator, 

oven and a digital voltmeter. 

A weighed sample and combustible accelerators are placed in a 

burned-off ceramic crucible and introduced into the furnace combustion tube 

by a"-raising mechanism. Oxygen from the purifying train passes through the 

combustion tube to rapidly burn the sample which has been heated in the 

furnace. The oxygen oxidizes carbon to carbon dioxide, sulphur to S02 and 

iron and alloying elements to solid or liquid oxides. Most of theseoxides 

remain in the crucible, but those that are carried out of the crucible are 

collected in a dust trap. A manganese dioxide trap absorbs the sulphur gases. 

Moisture is removed in an Anhydrone trap, and any carbon monoxide is converted 

to CO2 in a heated catalyst tube. 

The carbon dioxide and excess oxygen are collected in a cylinder 

and their thermal conductivity is measured by a thermal conductivity celle 

The cell output is read directly on a special d-c digital voltmeter. With 

pure oxygen in the cylinder, the thermal conductivity cell is balanced to 

read zero output as indicated on the digital voltmeter. This means the out-

put of the thermal conductivity cell indicated by the voltmeter is proportion-

al to the cylinder CO 2• The cylinder is housed in an oven above ambient 

temperature to eliminate temperature variations affecting the thermal conduct-

ivity celle The performance of the Leco Carbon Analyzer is described and 

58 evaluated further by J. M. Hathaway • 
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Slag Emulsion Analysis 

Samples collected from the foaming slag were crushed in the closed 

piston-cylinder type crusher depicted in Figure 6.5 The crushed sample was 

passed over a No. 48 screen and the undersize, which was mostly slag parti­

cles, was raked with an electromagnet to remove any small iron droplets. 

The oversize was also raked with the electromagnetto separate out the iron 

particles. However, a clean separation of the slag phase from the metallic 

iron phase could not be adequately achieved. 

Clean separation of the metallic iron from slag was an absolute 

necessity if the carbon concentration in the emulsified metalwas to be 

accurately determined. If, for example, the sample after cleaning contained 

20% slag, the carbon content of emulsified iron as recorded by the Leco 

analyzer would be 20% lower than actual. This is especially significant 

in this work because the difference in carbon concentration between bath 

iron and emulsified iron is important. This difference could appear larger 

than actual if slag is included in the emulsified iron analysis. 

lt was estimated that the emulsion sample contained 10 - 20% slag 

after separation with the electromagnet. The reasons for this were that: 

some slag particles contained magnetite and were attracted to the electro­

magnet; and that many slag particles were attached and ground into the iron 

droplets. Further crushing of the iron droplets did not improve the 

situation. Removing the slag by dissolution in acids such as Hel, HN03, 

H2S04 , HF or any combinat ion of these was discarded because of the high rate 

of iron dissolution in these same acids. 
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The technique adopted was to determine the amount of meta11ic 

iron by dissolution in a bromine and methano1 solution, then to ana1yze the 

precipitate in the Leco Carbon Analyzer for carbon. The app1icabi1ity of 

this chemica1 ana1ysis method to mixtures of iron and its oxides was investi-

59 gated by Kinson, Dickeson, and Belcher • 

A simi1ar procedure to that of Kinson, Dickeson and Be1cher was 

used to ana1yze the emu1sion samp1es. The crushed samp1e was first transferred 

dry to a 250 ml Erlenmeyer flask. A 10% by volume solution of bromine in 

methano1 was prepared by carefu11y adding.the measured amount of methano1 to 

the bromine in a vesse1 chi11ed by water. One hundred ml of this solution 

were added to the Er1enmeyer f1ask and covered with a watch glass. 

The mixture was boi1ed gent1y on a hot-plate and then the heat was 

lowered so that the mixture simmered but vapour 10sses were 10w. After 1 1/2 -

2 hours of heating, more bromine solution was added to bring the volume back 

up to 100 ml and dissolution was continued for an additiona1 1 1/2-2 hours. 

After complete dissolution, the solution was coo1ed and fi1tered through 

asbestos fibers in a Gooch crucib1e into a 250 ml Er1enmeyer f1ask and the 

slag partic1es were washed with methano1. 

The fi1trate was boi1ed and the excess bromine was reduced by addition 

of a solution consisting of a mixture of 80 ml of 5 N hydroch10ric acid and 

20 ml of 75% hydroxy1amine hydrochloride in water. When the reduction of 

bromine was complete, a 3% hydrogen peroxide solution was added unti1 the 

straw colour of the chloroferrate complex developed. The solution was boiled 

to decompose excess hydrogen peroxide, cooled and diluted to 500 ml with 

distilled water. 
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The determination of iron was accomp1ished by reduction of the 

ferric ion to ferrous using stannous ch10ride. The ferrous ion was titrated 

in acid medium using p-Dipheny1amine su1phonic acid sodium sa1tasindicator, 

which produced a co10ur change of co10ur1ess to purp1e. The titration 

56 procedure fo110wed is according to Be1cher and Nutten • 

Carbon ana1ysis was accomp1ished by first a110wing the asbestos 

fiber fi1ter pad to dry natura11y. The fiber was carefu11y removed from the 

Gooch crucib1e and p1aced in a Leco refractory crucib1e. A scoop of Leco 

carbon free iron chip acce1erator and a scoop of tin meta1 acce1erator were 

added to the crucib1e. The samp1e was burned in the Leco Carbon Ana1yzer and 

the total carbon present was determined. The average carbon content of the 

emulsion drop lets was ca1cu1ated using the total carbon value fram the Leco 

and total meta11ic iron from the titration ana1ysis, i.e., 

%C = wtC X 100 
wtC +wtFe 

The accuracy of this method was tested on known samp1es consisting 

of mixtures of standard iron samp1es (National Bureau of Standards* and Leco 

calibration samp1es) and the same slag as was used in the experiments. The 

amount of meta11ic iron and its carbon content was determined according to 

the above procedure. The resu1ts obtained are 1isted in Table 6.1. 

* U.S. Department of Commerce 
National Bureau of Standards 
Washington, D. C. 



- 114 -

TABLE 6.1 

Known Standard Samp1e Ana1ysis Resu1t Error 

4.0901 gm iron 4.343 gm iron +6.2% 
.40%C • 38%C -5.0% 

.8588 gm ,iron .784 gm iron -8.7% 

.60%C .66%C -10.0% 

2.5059 gm iron 2.506 gm iron 0 
2.91%C 2. 86%C -1.7% 

2.7590 gm iron 2.986 gm iron +8.2% 
2.91%C 2.48%C -14.8% 

1.4301 gm iron 1. 227 gm iron -14.2% 
.60%C .558%C -7.0% 
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6.4 Experimental Resu1ts High Temperature System 

604-1 Qualitative Observations of Foam Formation and Behaviour 

At the beginning of each decarburization experiment the slag was 

covered by a solidified crust which was observed to be quick1y me1ted by the 

heat of reaction between the oxygen jet; and the iron and carbon and the 

slag. Once me1ting had occurred, the slag began to foam forming a b1anket of 

considerable e1asticity which tended to ho1d the gases in the bath. When the 

gas pressure beneath the foam became too high, due to evo1ution of carbon 

monoxide gas, the gas burst a large ho le in the foam b1anket as it escaped. 

The ho1e subsequent1y sea1ed itse1f unti1 the gas pressure again bui1t up. 

This phenomenon was observed through the oxygen jetting periode 

At higher f10w rates the instabi1ity of the gas cavity caused frequent 

ejections of mo1ten iron and slag into the furnace atmosphere. The bursts of 

gas and slag cau~e the lance to move about its axis. The turbulence of the 

system at high gas f10w rates is i11ustrated by the sequence of 16mm film 

frames in Figure 7.12. 

Though temperature measurements were not taken during the b10w it 

was obvious from the radiation from the crucib1e that temperatures rose due 

to the decarburizing reaction. The higher the oxygen f10w rate the higher 

was the bath temperature rise. 

The starting temperature of the hot meta1 was very important. It was 

abso1ute1y necessary that each b10w be begun at the same tempe rature as the rate 

of decarburization is temperature dependent. In attempting to find a suitab1e 

starting temperature for the range of f10w rates under study it was found that 

o a combination of high starting temperature (>1350 C) and high f10w rate 
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6.4 Experimental Results High Temperature System 

6.4-1 Qualitative Observations of Foam Formation and Behaviour 

At the beginning of each decarburization experiment the slag was 

covered by a solidified crust which was observed to be quickly melted by the 

heat of reaction between the oxygen jet; and the iron and carbon and the 

slag. Once melting had occurred, the slag began to foam forming a blanket of 

considerable elasticity which tended to hold the gases in the bath. When the 

gas pressure beneath the foam became too high, due to evolution of carbon 

monoxide gas, the gas burst a large hole in the foam blanket as it escaped. 

The hole subsequently sealed itself until the gas pressure again built up. 

This phenomenon was observed through the oxygen jetting periode 

At higher flow rates the instability of the gas cavity caused frequent 

ejections of molten iron and slag into the furnace atmosphere. The bursts of 

gas and slag cau~e the lance to move about its axis. The turbulence of the 

system at high gas flow rates is il1ustrated by the sequence of 16mm film 

frames in Figure 7.12. 

Though temperature measurements were not taken during the b10w it 

was obvious from the radiation from the crucib1e that temperatures rose due 

to the decarburizing reaction. The higher the oxygen f10w rate the higher 

was the bath tempe rature rise. 

The starting temperature of the hot meta1 was very important. It was 

abso1ute1y necessary that each b10w be begun at the same temperature as the rate 

of decarburization is tempe rature dependent. In attempting to find a suitab1e 

starting temperature for the range of f10w rates under study it was found that 

o a combination of high starting temperature (>1350 C) and high f10w rate 
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(> 1.0 SCFM) resu1ted in a hot f1uid slag whiCh bècause of the 10w viscosity 

did not foam. 
. 0 

However, at low tempe ratures «1350 C) and 10w f10w rate 

«1.0 SCFM) the temperature was too low and thè slag would not melt nor.foam. 

A starting temperature of 1350 Oc was found to best satisfy the range of.flow 

rates between .75 SCFM and 1.25 SCFM. 
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6.4-2 The Effect of Lance Characteristics on Reaction Rate 

Due to severe lance consumption when the lance was positioned 

near the slag layer, the effect of lance height on the rate of decarburi-

zation cou1d not be effective1y studied. 

The princip1e variable in the high tempe rature study was 

gas f10w rate which was varied from 0.75 SCFM to 1.125 SCFM. These f10w 

rates are equiva1ent to jet ve10cities (at the lance tip) of 261 and 434 

ft sec-1 (STP). 

The conditions for the high temperature tests were: 

Flow rate Q - .75, .875, 1.00, 1.125, 1.25 SCFM 
Lance height h - 1 1/2 inch 
Lance diameter - 3/32 inch 
Slag depth - 1/2 inch 300 gm DOFASCO slag 
Metal depth - 1 1/2 inch 15 - 171bs Q.I.T. pig iron 

The tabu1ated data for the above tests are given in AppendixII. 

The curves of carbon concentration as a function of time at varying f10w 

rates are shawn in Figures 6.6-6.9. The rate of bath decarburization versus 

f10w rate is given in Figure 6.10. The dependence of degree of emu1sifica-

tion upon f10w rate appears in Figure 6.11. 
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Figure 6.6 Carbon Concentration vs Time at Q-.75 SCFM. 
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Figure 6.7 Carbon Concentration vs Time at Q-0.875 SCFM. 
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Figure 6.10 Rate of Bath Reaction' vs Flow Rate. 
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Figure 6.11 Degree of Emulsification of Iron in Slag vs Flow Rate. 
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CHAPTER 7 

7.0 DISCUSSION 

The experimenta1 resu1ts have shawn that reaction between.reactive 

gas and 1iquid can take place at three locations: 

a) at the 1iquid-gas interface of the cavity beneath the gas jet. 

b) between drops ejected from the cavity and the gas above the 
1iquids. 

c) between ejected drops and reactive gas and slag of the slag 
foam. 

It is the purpose of this section to discuss the dynamic behaviour 

of the experimenta1 systems from the point of view of cavity behaviour, drop-

let ejection, and emu1sion formation and to eva1uate the rates and mechanisms 

of reactions in the locations as described above. 
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7.1 Mechanisms Explaining Reaction Rates in Room Temperature Model 

The clear walls of the perspex container permitted easy inspection· 

of the dynamic behaviour of the liquide and clearly revealed the formation 

of agas cavity which penetrated through the oil layer into the lower liquid 

layer. The depth of this cavity was observed to increase with increasing 

gas flow rate and decreasing lance height (Table 5.4). The absorption of 

HCl at the gas cavity was observed visually when methyl red indicator added 

to low concentration NaHC03solutions showed the cavity surface to be red in 

colour. 

Quantitative results showed the rate of HC03 removal to increase 

with increasing gas flow and decreasing lance height (Figures 5.8 and 5.14). 

This behavour can be explained by: 

a) increased cavity gas-liquid interfacial area 

b) increased rate of drop let ejection and hence increased 
droplet-gas surface area. 

with increased flow rate and decreased lance height. 

7.1-1 Cavity Behaviour 

Visual observation indicated that the cavity beneath the gas jet 

was extremely uns table and that drop lets of the lower phase were periodically 

ejected. A high speed (500 fps) cine-film revealed a regular oscillation of 

the cavity, where the gas cavity cyclically reached a maximum penetration 

and then returned to a minimum. lt was also observed that on returning to a 

minimum there was an ejection of lower phase into the upper atmosphere. 

The behaviour of the gas cavity is shown schematically in Figure 7.1 and a 

droplet ejection is shown in Figure 7.2. 



(a) 

Time t 
Maximum 

- 126 -

o , 
o 

o 
1 

NaHC03 

(b) (c) 

Time t + ~t Time t + 2~t 
Minimum + Ejection Maximum 

Figure 7.1 Sequence of events leading to droplets being splashed 
from lower liquid into atmosphere. 

Figure 7.2 16 mm film frame from 500 fps cine-film showing minimum 
cavity penetration and accompanying droplet ejection. 
(Q = 120 cm3sec-1 , h = 2.5 cm, d = .15 cm) 
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Time t 
Maximum 

Time t + 6t Time t + 26t 
Minimum + Ejection Maximum 

Figure 701 Sequence of events leading to droplets being splashed 
from lower liquid into atmosphere. 

- ,.. 

Figure 7,2 16 mm film frame from 500 fps cine-film showing minimum 
cavity penetration and accompanying droplet ejectiono 
(Q = 120 cm3sec-l , h = 2"5 cm, d = .15 cm) 
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Measurements of the gas cavity displacement from the cine-film, 

showed, the oscillation to be sinusoidal, satisfying: 

Where: y 

y .= Asin Olt • 7.1 

distance of cavity bottom above maximum 
penetration in cm. 

A - distance between maximum and minimum cavity 
penetration in cm. 

Ol - number of cavity oscillations per second, 
where one oscillation is co~~ted after each 
maximum penetration rev sec • 

t time in seconds. 

The values obtained for A and Ol were (.62 ± .1) cm and (7.5 -1 ± 1) rev sec 

respectively, for the following experimental conditions: 

Flow rate - 120 cm3sec-l 

Lance height - 2.5 cm 
Lance diameter - .15 cm 
Oil depth - .84 cm (Volume 70 ml, viscosity 21 cstks) 
Solution depth - 2.5 cm (volume 222 ml, 4% HCO) 

Equation 7.1 becomes: 

y = (.62±.1)sin(7 .5± 1) t. • 7.la 

The droplets which are ejected from the aqueous layer are at a 

lower HCO; concentration than the bulk of the solution due to their being 

exposed to the oxidizing power of the gas jet. In addition the aqueous 

droplets rise and fall through an atmosphere of HC1, thus ejected droplets 

return to the aqueous layer at a lower concentration than that of the bath 

itself. This is illustrated by plots of %HCO; in the bath and in the emul­

sified layer as a function of time (Figures 5.6 and 5.12). 

An indication of the relative rates of liquid ejection is given by 

the amount of aqueous solution emulsified in the oil layer (liquid properties 

being held constant). Figure 5.11 and 5.17 both show, decreased lance height 

and increased flow rate lead to increased amounts of emulsification. 
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The increased rate of droplet formation is due, most likely, to an 

increase in distance of cavity oscillation and an increase in return gas 

velocity up the cavity surface. 

7.1-2 Reaction Rate Mechanism 

The experimental investigations with the room temperature model 

have shown that the mechanisms for the rate of reaction are as follows: 

1) Hel gas is absorbed at the point of impingement of the 

gas jet after the formation of agas cavity which extends 

into the aqueous phase. The rate of Heo; removal depends 

upon the surface area of the gas cavity which is in turn 

dependent upon gas flow rate, lance height and lance 

diameter. 

2) The sinusoidal oscillation of the depression results in a 

regular ejection of aqueous solution (already at a lower 

Heo; concentration than the normal lower layer concentration 

due to Hel absorption) into the &hove atmosphere where it 

further reacts with the HCl of the atmosphere. The ejected 

drop lets return to the aqueous layer via the oil layer. 

3) The shearing and stirring action of the gas jet particularly 

at the gas-aqueous-oil junction causes the lower liquid to 

be emulsified in the upper layer in the form of small droplets. 

Mass transport of aqueous phase by rising bubbles may also 

contribute to emulsification. During their period of stay in 

the upper phase, the drops may react with the Hel dissolved 

in the oil layer and also with the HCl in the gas phase of 

the foam. The amount of aqueous phase dispersed into the 



- 129 -

upper layer and the residence time depends upon the gas 

flow rate, lance height, oil viscosity, oil layer thickness 

and the surface activity of the oil. 

In the following sections an attempt will be made to evaluate the 

relative importance of each mechanism upon the rate of reaction in the room 

temperature model. 

7.1-3 Mechanism 1 - Gas Absorption atthe Gas Cavity 

A Cavity Shape and Size 

A mathematical interpretation of the dynamic behaviour of the jet 

cavity can be obtained by considering that the depth of the cavity is 

determined by a balance between the kinetic energy of the gas jet and the 

potential energy of the liquid medium. The velocity of the gas stream as 

it leaves the lance is given by: 

Where:v 
m 

Q 

d 

v 4 0 
m"~ 

1T d 
-1 velocity at lance tip cm sec 

3 -1 gas flow rate cm sec • 

lance diameter cm. 

7.2 

11 The decay in center-line velocity of the gas jet is given as 

Where: v x 

K 

v=Kd .7.3 
-x -v x 

- center-line velocity at a distance x cm from the lance 
tip cm sec -1. 

- constant =8.6 at Re"J104• 

Referring to Figure 7.3, a stagnation pressure analysis is applied at 

point 0 where the center-line velocity is reduced to zero. 
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h. 

-~ 0 OIL \\ t 

NaHC0
3 ~o~ i ~ x .. 

m_ 

Parabola . y= 4n 2 . x x=~-vr ;2" 2 n 

Figure 7.3 Schematic diagram of cavity, showing stagnation point O. 

2 p gt+p gn = 1/2p v • s m g 0 

Velocity v is given by Equations 7.2 and 7.3 with x = h+t+n: 
o 

v = o 34.4 Q 
'lTd(h+t+n) 

Substituting Equation 7.5 into 7.4 yields: 

7.4 

• 7.5 

p gt+p gn = 1/2 p 1 34.4Q )2. • ft 7.6 
s m g\ 'lTd(h+t+n) 

Where: ppp -
s' ro' g 

g -

t 

n -

-3 slag, metal and gas densities in gm cm 

gravit y constant 981 cm sec -2 

thickness of slag layer in cm. 

depth of cavity penetration into lower liquid in cm. 

Equation 7.6 was solved with the help of an IBM 360-50 computer. Values 

of n calculated from Equation 7.6 are compared with experimentally observed 

maximum cavity depressions for the low temperature system in Table 7.1. 
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Flow Rate 
Q (cm3 sec-1) 

100 
100 
100 
100 
100 

120 
110 
100 

90 

Lance Height 
h (cm) 

3.5 
3.0 
2.5 
2.0 
1.5 

2.5 
2.5 
2.5 
2.5 
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TABLE 7.1 

Measured 
cavity 
diameter 
m (cm) 

1.10 
1.20 
1.20 
1.40 
1.50 

1.50 
1.30 
1.20 
1.10 

B Surface Area of Gas Cavity 

Measured 
cavity 
depth 
n (cm) 

1.054 
1.238 
1.408 
1.579 
1.789 

1.935 
1.589 
1.336 
0.901 

Ca1cu1ated 
cavity 
depth 
n (cm) 

0.884 
1.082 
1.302 
1.544 
1.807 

1. 722 
1.514 
1.302 
1.086 

Error 

% 

-16.1 
-12.6 
-7.5 
-2.2 
+1.0 

-11.0 
-4.7 
-2.5 

+20.5 

One of the important factors determining the rate of gas-

1iquid reaction is the are a of the jet cavity, ca1cu1ation of which 

requires values for bath cavity depth (n) and cavity width (m). Since 

on1y n has been ca1cu1ated from first princip1es (Equation 7.6), a 

value of m must be assumed, and is taken to be equa1 to n as indicated 

by Table 7.1. 

In the ca1cu1ation of surface area of the gas cavity, its shape 

can be assumed to be an e11ipse·of revo1ution or a parabo1a of revo1u-

tion. 11 Wake1in used a parabo1a of revo1ution to approximate the form 

of the gas cavity andshowed that areas ca1cu1ated according to 

Equation 7.7 yie1ded areas in error by about 5% (the ca1cu1ated area 
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being smallel? Figure 7.4 illustrates the terms used in Equation 7.7. 

m/2 

x 

Figure 7.4 Criteria defining a parabola. 

A = 'll'm 
4 

96n2 
7.7 

The equation defining the length of the arc of a parabo1a is given by 

ln 2n + " 4n
2 

+ m
2

/4 
m/2 

7.8 

The equation defining the volume of a paraboloid of revolution is: 

v = 2 1/8'11'm n 

C. Reaction Rate at the Cavity 

7.9 

Prediction of the size of the gas cavity permits estimation of 

the surface area present for mass transfer between the aqueous 1iquid and 

the absorbing gas. The rate of mass transfer can be estimated on the basis 

of the Higbie or penetration mode1. In the mode1 it is assumed that an 

element of the aqueous solution approaches the cavity at position A 

(Figure 7.5) and that the element is drawn up the surface of the cavity 
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by the upward def1ected gas jet. The packet of f1uid at posi~ion A begins 

to 10se disso1ved HCO; by chemica1 reaction with the gas jet unti1 it re~ches 

position B, as shown in Figure 7.5. 

OIL 

HC1 NaHCO 

y 

(a) (b) 

Figure 7.5 (a) Sketch showing motion of packet of f1uid at ve10city u 

(b) An expanded packet of f1uid is shown. 

The reaction scheme is assumed to be as fo110ws: 

a) HC1 is absorbed into the aqueous solution through the 

gas-liquid interface, x=O. Heo; ions diffuse toward the 

surface from the bu1k of the aqueous solution. 

b) HC1 and NaHC03 react instantaneous1y to comp1ete1y 

destroy the reactants. 

The HC1 - Ar gas mixture is assumed to be perfect1y mixed in the 

turbulent gas jet. The effect of diffusion in the gas phase is discussed in 

detai1 in Section D. 
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The situation of HCl diffusion outward from the interface and HCO; 

diffusion outward plus instantaneous reaction between the diffusion species 

leads to the condition of a plane parallel to the liquid-gas interface at a 

distance x' from it. This plane separates the region containing no HCl from 

that containing no NaHC03 0 The distance x' is a function of t, since the 

boundary between HCl and NaHC03 retreats as NaHC03 is used up in the chemical 

reaction. The HCO; ion in the HCl region is converted into H2C03 which 

decomposes to dissolved CO2• 

60 The differential equations describing the system are: 

ac D a2c O<x<x' (t). at<> = 0 0 . 
axz-

ac D a2c x'(t)<x<ao . 
~ = C c 

axz-
c refers to HC0

3 
and 0 refers to HC1. 

The solutions to the above differential equations are: 

C bl + b2 erf x 
-=<> -
Coi .; 4D t 

0 

Cc = b3 + b4 erf x 

Cci 
{ 411 t c 

7.10 

7 nU 

7.12 

7.13 

Where: Coi is the interfacial liquid phase concentration of HCl and Cci is 

the initial bulk concentration of HC03• 

At the reaction surface Equation 7.12 reduces to 

C (x', t) = 0 • 
c 

The perfect differential of Equation 7.14 gives: 

dC c = 0 =(~) 
ax t 

the solution of which is 

dx' =-(acc/at)x' 
dt (aC /ax') 

c t 

dx' + (ac ) ac x' 

dt 

7.14 

• 7.15 

7.16 
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Substituting Equation 7.12 into 7.16 yields: 

dx' a x' 7.17 
dt F 

which integrates to: 

x' =V4at • 7.18 

where 'a' is an integration constant. A total of five constants a, bl, 

b2, b3, b4 must be determined. The following initial and boundary conditions 

are used: 

I.C. at taO C =C c ci 7.19 

B.C.l at x=O C =C o oi 7.20 

B.C.2 at x=x' (t) C =0 
0 

7.21 

B.C.3 at x·x' (t) C =0 c 7.22 

B.C.4 at x-x' (t) -D ac D ac 7.23 oa;co .. caxc 
The last boundary condition is the stoichiometric condition that one mole 

of HCl consume~ one mole of NaHC03• The five boundary conditions allow us to 

get the five integration constants. The constant a is given implicitly by: 

The remaining constants are: 

bl = 1 • 

b2 ~ -<ervr:r 
b3 .. l-<l-erVijf

l 

D . c 

-1 
b4 .. (l-er~) 

7.24 

• 7.25 

• 7.26 

• 7.27 

• 7.28 

The instantaneous rate of mass transfer at the interface is 

calculated from: 
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'"' 7.29 Nil 1 
o x·o 

Coi 

al -e-rvr:~f~;=o=--~ • 
7.30 

The average rate of absorption up to time t is 

. 
Nil 

o av. = 1 J" t N"dt 
- 0 
t 

to be 

Nil 
o,av. 

o 

2 ~i 

= -er-vr:-:--=;=o=--{?i 

It is interesting to note that the value of er~ 

very near1y 1 and hence Equation 7.31 reduces to: 

• 7.31 

works out 

7.32 

which is the same rate of absorption as predicted by the unsteady state 

diffusion into an infinite sheet with zero initial concentration of HCl 

61 in the 1iquid • The time of exposure of the packet of f1uid in travelling 

from the bot tom of the gas cavity to the 1iquid-1iquid interface is 

given by: 

t = 1 
u 

• 7.33 

Where: 
-1 

u - fluid ve10city next to crater in cm sec (fluid ve10cities 
in the region of the crater have been taken from the work of 
Wake1in62). 
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1 - one ha1f the 1ength of 
by Equation, 708. 

1 a 1/2~ /4n2+m2/4 m2 
~ V' 1 l6n 

the arc of a parabo1a in cm given 

ln 2n+ V4n2+m2/4 
m/2 

7.8 

The total surface area of exposed lower liquid is given by Equation 
7.7: 

707 

Combining Equations 7032, 708, 7.7 gives an average rate of HCO; removal 

at the gas cavity by Hel absorption. Table 7.2 lists the concentrations, 

and constants which have been used to calculate the molar flux. Table 7.2 

also shows the calculated rates of decarburization as compared to the 

measured rates. 



e 

D 
-5 2 = 4.0 x 10 cm sec 

-1 54 
0 

D 
-5 2 

= 1. 5 x 10 cm sec 
-1 54 

c 

-3 2 -1 a = 8.36 x 10 cm sec 
(integration constant) 

h Q A 1 t 

3 -1 2 cm cm sec cm cm sec 

3.5 100 2.64 1.24 .124 
3.0 100 3.35 1.43 .143 
2.5 100 3.75 1.57 .157 
2.0 100 4.93 1. 78 .178 
1.5 100 5.94 1.99 .199 

2.5 120 6.38 2.12 .212 
2.5 110 4.56 1. 76 .176 
2.5 100 3.58 1.51 .151 
2.5 90 2.31 1.12 .112 

TABLE 7.2 

Coi - 0.001 moles cm -3 

(gas 10%HC1 - 90% Ar) 

Cci 
-4 -3 - 6.8 x 10 moles cm 

-1 U '" 10 an sec 

Bath Volume - 222 cm 3 

1 Nil . - -1 x % .aC03 min 
0 

cm 
~l~a 

cm sec Ca1cu1ated Measured 

.064 2.03x10 -5 .085 .216 

.069 1.89 .100 .313 

.072 1.80 .107 .417 

.077 1.69 .132 .622 

.082 1.60 .151 .765 

.084 1.55x10 -5 .157 .898 

.077 1.70 .123 .665 

.071 1.84 .104 .417 

.061 2.13 .078 .050 

Ca1cu1ated 
% 

of 
Measured 

39.4 
31.9 
25.7 
21.2 
19.7 

17.5 
18.5 
24.9 

156.0 

e 

...... 
w 
00 
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When the packet of fluid reaches position B in Figure 7.5 it takes 

one of three possible routes: it is ejected into the above atmosphere, it 

is stirred into the slag as emulsion droplets or it continues in the aqueous 

phase a10ng the oi1-water interface. Nuc1eation of disso1ved CO2 occurs ~t 

the foamy oi1-water interface and on sma1l oi1 particles ejected into the 

aqueous layer. An illustration of this occurrence is given in Figure 7.6. 

The region immediately surrounding the gas cavity was high in dissolved HCl 

as shawn by the red colour of the gas cavity in a co10ur film taken of the 

system with ~ethyl red indicator added. No CO2 bubb1es were observed in this 

region surrounding the cavity. 

According to Table 7.2 the mechanism of gas absorption at the gas 

cavity represents about 25% of the total measured reaction rate. Noteab1e 

deviations occur at conditions of sma1l cavity size and activity (low f10w 

rate and/or high lance height) Where reaction rates according to HCl gas 

absorption at the crater account for an increasing portion of the reaction 

mechanism. This was dramatically illustrated by the experiment at Q -

3 -1 90 cm sec and h - 2.5 cm where virtually no splashing was observed and 

reaction rate is completely governed by HCl absorption at the cavity. 

In most cases HCl absorption at the gas cavity does not adequately 

explain the rate determining step in the room temperature model, suggesting 

the importance of another mechanism at conditions of high cavity activity. 
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Figure 7.6 Single frames from 500 fps film (16 mm) showing 
bursts of CO2 bubbles from the interface and gas 
evolution in lower phase. 
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Figure 7.6 Single frames from 500 fps film (16 mm) showing 
bursts of CO2 bubbles from the interface and gas 
evolution in lower phase. 
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D. Effect of Diffusion in the Gas Phase 

In the qerivation of mechanism 1 the gas phase was assumed to be 

completely mixed due to the turbulence of the gas flow. A derivation consider-

ing diffusion of HCl in the Ar-HCl mixture is now considered. Figure 7.7 shows 

the concentrations involved.' 

10% HCl + 90%Ar 

X"'O 

1 

1 
1 
1 NaHC03 
t 
1 
1 
1 

Solution 

Figure 7.7 Effect of diffusion in gas phase on rate of Hel absorption. 

The gas concentrations are: 

* C .. 
g k 4 

2.45xlO 

CB • 
g .1 4 

2. 45xlO 

-3 moles cm 

moles -3 cm 

CI 

= 

-4 .407xlO k 

-5 .407xlO 

Where k represents the mole fraction of HCl in the gas mixture at the 

interface. 

The metal concentrations are: 

C* = .Olk moles cm-3 
m 
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The equations describing the system are of the following form: 

C = A+B erf x 7.34 g,x, t 1 4D t g 

C = F + E erf x 7.35 m,x,t 1 4D t m 

The following boundary conditions app1y: 

B.C.l x=O C = C* g g 
B.C.2 x=O C = C* m 

cf} = B.C.3 x=x' (t) C = 0 m m 

B.C.4 x= -00 C = CB 
g g 

B.C.S x=O -D ac = -D ac 
g~. m m 

ax ax 

B.C.6 t=O C = Cb = 0 m m 

The reaction interface is given in the same way as Equation 7.18 x'(t) = 

Solving for the above boundary conditions give: 

From B.C.S 

C = C* - C* erf x m,x,t m m 
14D t m 

C = C* + (C* - CB) erf g,x, t g g g 

C* = Dg (CB - C*) 
m - g g 

Dm 

x 

.1 4D t g 

.01 k = 1.4Sxl02 (.407xlO-5 - .407xlO-4k) 

k = .037 mole HCl/mole gas at interface 

Differentiating Equation 7.3Sa and using average flux • 

. 
Nil 

HCl = 2j~ 
nt 

7.34a 

7.3Sa 



which for the conditions Q 

Table 7.2) becomes: 

= 

= 5. 75x10-6 
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3 -1 = 120 cm sec h = 2.5 cm. (1 = 

-6 -5 (4.07x10 - 4.07x10 x.037) 

mole HC1 
cm2 sec 

2.12 cm 

It can be seen that in the case where the gas jet is comp1ete1y 

stagnant, the rate of reaction in the region of the jet cavity wou1d be 

reduced to approximate1y 1/3 the 1iquid contro11ed rate. 

Conditions in the gas jet are vio1ent1y turbulent, however, 

(Re jet > 10 3) and the gas phase diffusion resistance is not expected to be 

significant. 

7.1-2 Mechanism 2 - Drop1et Ejection from Gas Cavity 

The ejection of 1iquid drops into the atmosphere was observed to 

occur as the depression moves from its maximum to minimum position. 

The ve10city in the impingement area of the depression is the main 

factor inf1uencing the breakupof the 1iquid surface. The size of the gas 

cavity is important because the distance over which the shearing forces on 

the 1iquid surface act influences the critica1 ve10city required for drop 

formation. The fo11owing dimension1ess parameters may influence sp1ashing: 

( r'2 4 

) 
gP1 

ne =f( ~ ~ 
y glJ1 M 
_1_2' p gh3 Y1 ~1 P1gh P1Y13 1 

Where: n critica1 depth of cavity for sp1ashing,cm 
c 

liquid density -3 
Pl gm cm 

density gm -3 
Pg gas cm 

lJg gas viscosity poise 
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p - 1iquid viscosity poise 
.1 

-1 
Y1 - 1iquid surface tension dyne cm 

h lance height cm 

M - momentum flux of gas jet dynes 

The events 1eading to a drop let ejection can be exp1ained by a momentary 

imba1ance 2 in the modified Froude Number (Pgv /P 1g1) at the gas cavity 

whereupon the 1iquidbuoyancy force causes an ejection. 

It was observed that the gas cavity had a tendency to move in 

the horizontal direction as we11 as the vertical. As a conseq~ence, 

buoyancy forces cause an ejection due to the apparent shift in position 

of the central axis of the gas jet. This is shown schematica11y in 

Figure 7.9 and in a film sequence in Figure 7.10. 

If the 1iquids are incompressible and the position of the separat-

ing interface remains unchanged, then the volume of 1iquid ejected will 

be approximated by the shaded area in Figure 7.8(c). This volume represents 

the difference between gas cavity volume at maximum and minimum depths of 

3 -1 penetration. At a f10w rate of 120 cm sec ,lance height 2.5 cm, and lance 

diameter .15 cm the difference between maximum and minimum cavity penetra-

tion was observed as .62(±.1) cm (Equation 7.1a). The cavity a1ternated 

between maximum and minimum penetration 7.5 (±1) times per second 

(Equation 7.1a). 

The volume of lower phase ejected is given by: 

V = 1/8nm
2
n - 1/8nm2(n-.62) 

= 1/8nm2(0.62) 

2 V = .078nm • • 7.36 
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v 
Minimum Depression 

(b) 

o 
o o 

Droplet Ejection 
(c) 

Figure 7.8 Volume of liquid ejected at cavity minimum. 

OIL\ I-r __ _ 
NaHCo;\!I 

(a) 
Normal condition 
showing axis of jet 

(c) 

'1 r ---tV""---

(b) 
Horizontal instability of 
cavity showing axis of jet 

o 
• 

1 r -----'\YI----

(d) 
Droplet Ejection 

Figure 7.9 Schematic showing droplet ejection due to horizontal 
instability of the gas cavity. 
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A B 

C D 

Figure 7.10 16 mm frames showing horizontal instabi1ity of the gas 
cavity resulting in droplet ejection. 
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A B 

C D 

Figure 7010 16 mm frames showing horizontal instability of the gas 
cavity resulting in droplet ejection. 
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If this volume is assumed to be ejected at each minimum of the gas cavity, 

then the amount of liquid ejected per unit time becomes: 

2 V· 7.5 • 0.78~m 

At Q 

2 
V = .58~m • 

- 3 -1 
= 120 cm sec , h = 2.S cm,- d = 

• 2 
V = .58~(1.5) 

3 ~l = 4.1 cm sec 

.. 
.15 cm; m = 1.5 cm 

• 7.37 

At a liquid density of 1.033 gm cm-3(Table 5.1) the circulating mass becomes: 

-1 m = 4.2 gm sec 

Further measurements taken from the 16 mm film (500fps) of the 

cavity show that ejected drop sizes range in size between .10cm and .15cm in 

diameter while the average time of travel of a drop let through the atmosphere 

is .12 seconds. 

sphere of 

The equation defining the unsteady state absorption of HCl by a 

61 aqueous NaHC03 solution is given by Cran~ as: 

M = 
~ 

1-6 -2 n 

00 

I: 
n=l 

7.38 

Where: M - represents the total amount of substance to effuse or diffuse. 

M - represents the amount that has effused or diffused up to t Ume t. 

D - diffusion coefficient 2 -1 cm sec 

r - radius of sphere cm. 

t - time in sec. 

3 For HCl absorption M is defined by 4nr (C i-C ), C i represents the solubility 
- 0 0 0 

3 -3 
of HCl in water (at a partial pressure of HCl - .1, Coi = .001 moles cm .) 

apd C will be zero. o 
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The validity of this model, which considers only diffusion of HCl 

inward and HCO; outward has been established previously for the planar inter­

face by comparison between Equations 7.32 and 7.33. Equation 7.38 considers 

only inward diffusion of HCl but with the short exposure times involved 

(.12 sec) this equation should closely approximate'the multi-component:diffus-

ion case. lt is assumed that the drop moves quickly enough to be in continuaI 

contac~ with an atmosphere containing 10% HCl. 

Applying Equation 7.38 to the drop let as it falls through the 

oxidizing atmosphere, allows the HCO; loss to be calculated based on an 1ni-

tial concentration of 4%HCO;. 

At diameter .10 cm 6C .. 'c • 84%HCO; 

diameter .15 cm 6C = • 57%HCO; c 

The rate of HCO; loss in the lower layer due to ejection of liquid 

drop lets into the oxidizing atmosphere can be calculated from the following 

equation: 

M dC = 606C m. 7.39 
CftC c 

Where: M - mass of lower layer i~3gm 
(222 ml x 1.033 gm cm = 229.3 gm - 43.4gm 
of emulsified lower layer = 185.9 gm) 

dC - - -1 dtC - rate of HC03 loss in lower layer in %HC03 min 

6C c 

m 

- loss of HCO~ while drop exposed to atmosphere %HCO; 
(given above) 

-1 -1 - circulating mass of liquid gm sec (4.2 gm sec ) 

Substituting these values into Equation 7.39 gives reaction rates of: 

- -1 At diameter .10 cm dC - 1.18 %HC03min 
dr: 

diameter .15 cm dC -
dr: 

- -1 .79 %HC03min 
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was .58 %RCO; (Figure 

h-2.5 cm. 
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- -1 reaction in the bath was .89 %RC03min and 6C
c 

3 -1 5.12), for identical values of Q-120 cm sec and 

The observed values for 6Cc (RCO; content in bulk aqueous phase 

- RC0
3 

content in emulsified droplets) and rates of RCO; r;moval from the 

system are in reasonable agreement with those calculated by Equation 7.38 

and Equation 7.39. Table 7.3 shows the comparisorl of RCO; removal rates 

for each location and the cumulative rate as compared to the measured removal 

rates. 

TABLE 7.3 

.. 

Drop Diameter 6C measured 6C cal'd calculated Measured 
c %RCO; c%RCO- ~ dC 3 dtC dt 

- -1 cav. drop %RC03min 
eject. 

.10 cm .84 1.18 

.15 cm .57 .79 
.. 

• 58 .16 .90 

The lower observed rate may be attributed to the fact that a1l 

the 1iquid between maximum and minimum cavity depth is not ejected into 

the atmosphere and that most of the ejected drops may be of the 1arger 

size. 
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7.1-3 Mechanism 3 - Metal-Slag Reaction in Foam and EmulSion 

The transpdrt of aqueous solution into the oil layer in the form 

of small droplets is a function of the stirring power of the gas jet. Observed 

directions of flow which lead to emulsification are shownin Figure 7.11. 

Transport of aqueous phase into the oil layer by CO2 bubbles rising from 

nucleation sites at the bottom of the vessel was observed63 • lt is also 

suspected that small CO2 bubbles nucleate at the oil-water interface and 

carry drop lets of the aqueous layer into the oil • 

. 

-. -

~ 
_.-.~ \J ~' •• , • 

~ ;v t; • .:. -. :. OIL 
-~ .• ::-=-,\\U~ff~,.~,\ ~-

~\ NaHC03 

Figure 7.11 Stirring power of gas jet causing emulsification. 

The forces favouring emu1sion formation and preventing their 

destruction have been reviewed in Chapter 3. 

When a surface active agent was added to the oil, foaming was 

induced to a great extent and the amount of aqueous phase in the waterfoi1 

emu1sion rose to values of 80 volume %. The reaction between the gas of the 

foam and the aqueous droplets was significant as shawn by the high rate of 

- -1 -reaction in the emulsion of 1.1%HC03 min compared to value of .75 %HC0
3 

-1 min for the aqueous layer. Rates under comparable conditions in the case 
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- -1 of no surface active agent additions are .86 %HC03 min in the emulsion and 

- -1 0.90 %HC03min in the aqueous layer (Figure 5.24). 

The lower rate of reaction in the aqueous layer than observed under 

normal conditions is due to the effective increase in lance height as the 

lower liquid was emulsified into the oil. The higher emulsion reaction rate 

in the surface active agent case is further confirmation of increased amount 

of foam - droplet reaction. 

The loss of dissolved impurity from the emulsion drop let to the oil 

layer depends on the size of the droplet and its time of residence in the upper 

layer. The reaction between the suspended emulsion droplets and the oil 

medium or the gas of the foam could not be estimated in the room temperature 

mode!. However, the low m~lar flux N"-4 x 10-8 moles HCl cm -2sec -1 measured 

for transfer of HCl between quiescent layers of oil and sodium bicarbonate 

solution (section 5.4-6) as compared with molar fluxes of 10-5 moles HCl 

cm-2sec-l for gas liquid reaction suggest that this mechanism is of lesser 

importance in this system. 
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7.2 Mechanisms Explaining Reaction Rates in High Temperature Model 

o In the iron-slag system at starting temperatures of 1350 C, 

decarburization in the emulsion drop lets was more drastic than in the room 

temperature model. The high temperature system was chatacterized by a 

foamy slag which acted as a blanket on the iron melt, holding in the oxidiz-

ing gases. At times during the blow, the slag covered the lance tip, seal-

ing off any exit for the exhaust gases, until the pressure build up beneath 

burst a hole in the foam covering. This phenomenon is pictured in Figure 7.12. 

At higher flow rates splashing is more prominent and the slag foam 

was not able to so easily blanket the system. Splashing and droplet ejection 

are pictured in Figure 7.13. 

Analysis of the high temperature system on the basis of the reaction 

locations proposed for the room temperature model results in the following 

three mechanisms: 

1) Oxygen gas is absorbed at the point of impingement of the gas jet after 

the formation of agas cavity which extends into the iron layer. The rate of 

decarburization at the point of impingement is dependent upon the surface 

are a of the gas cavity which is in turn dependent upon gas flow rate, lance 

height and lance diameter. 

2) As in the low temperature system, the high temperature cavity was seen 

to eject iron drops into the oxidizing atmosphere at regular intervals. The 

exposed droplets undergo decarburization and then settle through the slag 

layer. 

3) Iron droplets suspended in the foaming slag undergo decarburization due 

to reaction with the oxygen of the slag and with the oxygen gases of the foam. 
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A B 

c D 

Figure 7.12 Sequence of 16 mm movie frames ( 64 frames per second) 
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Figure 7.13 16 mm frames (200 fps) showing splashing and 
droplet ejection. 
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7.2-1 Mechanism 1 - Gas Absorption at the Cavity 

Mass transfer rates at the gas-1iquid interface of the gas depression 

in the high temperature system can be calcu1ated by the Higbie mode1 as pro-

posed in Section 7.1-1. However, in the iron-carbon system, carbon can be 

eliminated from the iron in two ways: carbon effuses from the bu1k metal to the 

gas-liquid interface, reacting with oxygen to form CO gas; oxygen d!ffuâes into 

the metal bulk to supersaturation, but CO is not able to nucleate into a bubble 

until it reaches the slag layer. 

A typical element of iron is shown in Figure 7.14. The unsteady 

state diffusion of carbon into the gas cavity is first considered. The con-

centration of carbon C as a function of time t and distance x from the gas-

y 

~ V [CP] 

1 U 
[C*] IRON At TIME = t 

O~ [0*] - , [OB] 

, x 

[C*] = K.PCO [OB1 =K.PCO 
[0*] [CB] 

Figure 7.14 Iron element showing oxygen and carbon concentrations. 
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liquid interface is given by:* 

[C]x,t= • + Berf x 
.,1 4D t 

c 

7.40 

A, B are constants and D is the diffusion .coefficient for carbon in molten 
c 

iron. The boundary conditions for Equation 7.40 are: 

B.C.l x=0 [C]o,t = [C*] 7.41 

BoC.2 x=O [Cl 0 = [CB] 7.42 
Xi 

In the ab ove boundary conditions [C*] represents the concentration of carbon 

in equilibrium with the saturation solubility of oxygen (i.e. with FeO) 

at the interface [01 (moles cm-3) and is governed by: 

64 
Where: [~ = .23 wt% or 1.035xlO-3 moles cm-3 at l6000 C 

-8 [C*] [~ = 6.08 x 10 PCO. 7.43 

PCO - carbon monoxide gas partial pressure in atmos.(l at.or less) 

In boundary condition 2~ [CB] represents the bulk carbon content in moles 

cm-3• The final form of Equation 7.40 becomes: 

[Cl = [C*] + ([CB] - [C*]) erf x,t ;::::;:;::x== • 
{ 4D t 

c 

7.40a 

The instantaneous carbon flux Nil at the gas-liquid interface is c 

given by: 

Nil 1 = -D c x=O c ac 1 
a~ x=O 

Differentiating Equation 7.40a and multiplying by-D yields: 
c . 

( [C*] - [ CB]) • Nil ~ C = .l!c 
1rt 

7.45 

* The convention ] representing in metal and ( ) representing in slag 

will be used. 
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The average rate of absorption up te time t ia: 

Nil = 1 l t N"dt = v,~ ([C'] _[CB]). 7.46 
c av". t c 1ft 

o 

If the same principles are app1ied to the unsteady state diffusion 

of exygen into the iron, then the governing equation will be: 

Nil 
o av. 7.47 

B 
Where~ [0 ] is given by~ 

[CB][OB] = 6.08 x 10-8P
co • 7.48 

[OB] is assumed to be given by the equi1ibrium between [CB] and a CO 

pressure of 1 atmosphere, i.e., the starting pig iron is assumed to have 

been able to evo1ve carbon and oxygen to the Pco level of 1 atmosphere 

during me1ting. The oxygen flux described by Equation 7.41 cannot 

effective1y remove dissolved carbon unti1 CO nuc1eatien occurs. 

The maximum depth of depression of the gas jet is ca1cu1ated 

according to Equation 7.6. It is assumed that the diameter of the depression 

is equa1 to its depth in order te calcula te the area and arc 1ength of the 

cavity from Equations 7.7 and 7.8. The ca1cu1ated resu1ts are tabulated 

in Table 7.4. 

TABLE 7.4 

h = 1-1/2 inches 

Q (SCFM) n (cm) 2 A (cm ) 1 (cm) 

1.125 .844 1.610 .971 
1.000 .627 0.888 .710 
0.875 .412 0.383 .455 
0.750 .200 0.091 .213 
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If the 1iquid f1aw ve10city at the cavity boundary is assumed to 

be,the same as in the 1aw temperature mode1 due to kinematic simi1arity, 

-1 then u =10 cm sec Using Equations 7.33, 7.8, 7.7, 7.46, 7.47 to ca1cu1ate 

the degree of carbon desorption and oxygen absorption at the gas cavity enab1es 

the construction of Ta~1e 7.5. 



-
D 

-4 2 -1 10 cm sec 
0 

-4 2 -1 
D = .5 x 10 cm sec c 

U ~ 10 cm sec -1 

Q A 1 t Nil 
c 

2 
mo12s 

(SCFM) (cm ) (cm) (sec) (cm sec) 

1.125 1.610 .971 .097 6.13x10 -4 

1.000 .888 .710 .071 7.17 

0.875 .383 .455 .046 8.90 

0.750 .091 .213 .021 13.18 
1--___________ 

TABLE 7.5 

Nil 
mo~!§-
(cm sec) 

3.76x10 -4 

4.39 

5.45 

8.07 

[0*]= .23 wt% 
. -3 -3 

1.035x10 moles cm 

[CB]= 4.0% .024 -3 moles cm 

Bath Weight - 15 lb = 6820 gm 

Total -, 
NU %C min ... 

mo1~s 
(cm2sec) Ca1cu1ated Measured 

9.89x10 -4 .0168 .258 

11.56 .0108 .173 

14.35 .0058 .111 

21.25 .0020 .061 
----

e 

1-' 
lJ1 
'P 
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7.2-2 Mechanism 2 - Droplet Ejection from Gas Cavity 

The ejection of liquid droplets into the atmosphere is assumed to 

occur as the gas cavity moves from its maximum to minimum position. If iron 

drop lets are ejected in the same manner as water droplets in the low tempera-

ture system, the frequency of oscillation of the gas cavity cao be calculated 

by counting the ejections pictured on a 16 mm film over a timed interval. 

The depth of the maxima and minima of the depression into the iron layer cao 

only be estimated. The volume of ejected iron droplets cao be obtained from 

the values of amplitude and frequency of oscillation by Equation 7.36. 

The amplitude of oscillation in the low temperature model was 

.62 cm for agas cavity of 1.935 cm depth (in aqueous layer) plus .84 cm 

(oil layer thickness). The depth of penetration in the high temperature 

system was .84 cm and the slag depth was 1.27 cm (Q - 1.125 SCFM aod 

h = 1 1/2 inch). Since the two systems are kinematically similar, a calculation 

of the high tempe rature cavity oscillation by comparison with the low tempera-

ture system is possible. 

Ali pli 
Fe 

n" pli + tIf p" 
Fe s 

. 

= 
A' p' 

w 

n' p' + t' p' w 0 

7.49 

Where A" is the amplitude in the high temperature system and A' is the 

amplitude in the low temperature system. Insertion of the data into Equation 

7.49 gives a high temperature oscillation of .35 cm. 

For the high temperature model Equation 7.la would be: 

y = (.35 ± .1 cm) sin (5.8 ± 1) rev sec-l ) t •• 0 7050 
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The amount of 1iquid ejection can be assumed as in Section 7.1-2 to 

be the volume which lies between the maximum and minimum penetration of the 

gas jet. Using Equation 7.32 with A = .35 cm 

V = 1/8Trm2x.35 

2 
= .043 'JI' m . 7.51 

This volume is supposed to be ejected at each minimum of the gas cavity, 

so the amount of 1iquid ejected per unit time becomes: 

2 V = 5.8x.043n m • 

Assuming m=n then m=.84 (Table 7.3) and V will be: 
• 2 
V = 5.8x.043 n (.84) 

3 -1 = .55 cm' sec 

, -3 
At a 1iquid density of 7.2 gm cm the circu1ating mass becomes: 

-1 m = 4.0 gm sec 

7.51a 

7.52 

Further measurements taken fromthe. 16 mm film (200fps) of 

the high temperature b1aw suggest that ejected drops range in size between 

.4 cm and .5 cm diameter in good agreement with the Ho1den ~nd Hogg12 

estimate of .3 cm diameter. The average time of travel.of a drop1et through 

the oxidizing atmosphere is .25 seconds. 

The same princip les used to derive Equation 7.46 and 7.47 will be 

app1ied to the spherica1 drop. It is assumed that the amount of carbon 

which will be removed from the drop let du ring its f1ight in the oxygen phase 

is the sum of the carbon effusion rate plus the oxygen absorption rate. 

Actua1 carbon remova1 by the absorbed oxygen will not take place unti1 

nuc1eation occurs, most 1ike1y as the drop1et fa11s into the slag. 

The equation defining the unsteady state diffusion of carbon from 

a sphere of iron or the unsteady state absorption of oxygen by a sphere of 
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iron is given by Equatiou 7.38. In the case of oxygen diffusion M is defined 

by 41Tr3 ([0*]- [OB]), [0*] representing the saturation oxygen solubility at 
3" 

taO, and [OB] represents the concentration of oxy'gen in equilibrium with the 

bulk carbon according to Equation 1.48. The value of M for carbon effusion 

3 B B would be ~1Tr ([e] - [C*]), [e ] representing the original carbon content and 
3 

[C*] represents the carbon content at the surface as defined by Equation 7.43. 

It is assumed that, in rising and falling through the oxygen atmos-

phere, the drop is always in contact with fresh gas. Any deviation from this 

assumption will result in a lower value for [0*]. Applying Equation 7.38 to the 

droplet as it rises and falls through the atmosphere enables the calculation of 

carbon loss based on concentrations and diffusion coefficients given in 

Table 7.5. 

At diameter .4 cm àC = .25 %C 
c 

diameter .5 cm àC = .20 %C c 

The rate of carbon loss in the lower layer due to the ejection of 

liquid droplets into the oxidizing atmosphere can be calculatad trom Equation 

7.39 in which M=6600 gm (taking into account emulsified iron) , m=4.0 gm 

-1 sec ,and àC = .20%C or .25%C. Substitution of these values into Equation c 

7.33 gives decarburization rates of: 

At diameter .4 cm dC a .009 %C min-l 

dt C 

diameter .5 cm dC = .007 %C min-l 

dtC 

The measured rate of reaction in the bath was .258 %C min- l and àC - 1.8 %C c 

(Figure 6.11). 
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7.2-3 Mechanism 3 - Metal-Slag Reaction in Foam and Emulsion 

The crushing of the slag samples resulted in a flattening out of 

many iron droplets, changing their diameter. An accurate sizing analysis 

could not be done by sieving because of the s1ag partic1es present. Optical 

analysis~ however, showed many particles to be in the range 2-3 mm diameter. 

A large number of fine <.1 mm diameter iron beads were also observed in the 

slag samples, but these small diameter beads accounted for less than 5% by 

weight of the metallic portion of the emulsion. Figure 7.15 shows the typica1 

range of drop1et sizes obtained in an emu1sion sample. Several drop1ets were 

seen to have a crater at their surface~ probably where a CO bubb1e had 

nucleated at the surface as the drop enters the s1ag (Figure 7.16). This 

attached gas bubb1e will impede the normal settling of the iron bead through 

the s1ag to the iron bath. 

The mechanisms by which iron beads are suspended in the slag are 

depicted in Figure 7.17. The forces aiding the formation of meta11urgical 

foams and emulsions as we11 as their stabi1ities have been reviewed in Chapter 3, 

Figure 7.15 Typica1 emulsion samp1e after crushing and remova1 of attached 
slag, 
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Figure 7.16 C1ose-up of an emvlsion drop1et which had a CO bubble nuc1eate 
at its surface (30X). 

__ FOAM r--.......... _.... ____ 

-
SLAG 

--
(a) 

Figure 7.17 Two ways in which iron droplets can exist in slag. (a) Total1y 
immersed in liquid slag. (b) C1inging to film of slag foam and 
therefore having a large gas-1iquid interface. 
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C1ose-up of an emolsion drop1et which had a CO bubb1e nucleate 
at its surface (30X). 

__ FOAM r---___ _ 

--
(a) 

Figure 7.17 Two ways in which iron drop1ets can exist in slag. (a) Tota11y 
immersed in 1iquid slag. (b) C1inging to film of slag foam and 
therefore having a large gas-1iquid interfaceo 
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A..R eac tion wi th Slag 

The reaction rates of iron droplets suspended within the liquid slag 

are predicted by unsteady state molecular diffusion of FeO to the droplet sur-

face and reaction with dissolved carbon to form CO gas. Simultaneous FeO 

diffusion in slag and carbon diffusion in the droplet was not treated due to 

the complexity of the diffusion equations. 

Carbon diffusion in the iron droplet has been shown to be rapid 

(Figures 7.18 and 7.19) and hence it does not significantly influence the 

decarburization rate. 

An iron drop completely surrounded by slag can be simplified as in 

Figure 7.20, where r2 must equal œ to be exact, but may be finite if the oxygen 

B * content at r2 is close to (0 ) • 

* Note particularly that ( ) refers to slag and [ ] refers to metal. 
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Figure 7.18 Emulsion Drop in Slag ( aFeO• 0.29 ) 
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Figure 7.19 Emulsion Drop in Slag ( aFeO CI 0.29 ) 
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Figure 7.20 Diagram showing simplified iron droplet in slag diffusion controlled 
decarburization mechanism. 

The equation defining the system bas been derived by Barrer65 : 

B 
-Nil = a(O) 1 = -(Q*) + (0 )r2 - (O*)rl 
DP ar r=rl ri (r2 - rI) rI 

o 
co 

+ 2 
r2 -

B 2 2 (0 )r2cos n~ - (O*)rl exp( -Do~ n t) 

00 

2(pB) ~ r2cos n~ 
r2 - rI L rI 

n=l 

rI (r2-rl) 2 

- rI exp ( 2 2 
-D 'If n t). 

o 
(r2 - rl)2 

7.53 

The oxygen concentrations are calculated in terms of the number of moles of 

3 -3 FeO per cm of slag using a slag density of 3.5 gm cm • 

-3 B -3 moles cm (FeO) = .016 moles cm ) corresponds to ~eO • .29 in the 

experimental slags (see Section 6.2).(0*) is defined by ~eO at the surface 

of the iron drop according to Equation 7.54, 

(FeO) + [C*] = [Fe] + CO 7.54 

and aFe . Pco = K = 1.58 x 104 7.55 

aF 0 a C e • 
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The activity of iron aFe is taken as 1 and the pressure of the 

forming carbon monoxide is taken as 1 atmosphere. a represents the activity c 

of carbon at the drop surface and in the assumed case of rapid carbon diffusion 

will be aC in the bulk of the droplet. At a [CB] of 4%C the activity of carbon 

is 0.8664 and the calculated value of (0*) is 3.94 x 10-6 moles cm-3• This 

value of (0*) is a minimum possible value and hence the calculated FeO diffus-

ion rate is the maximum rate. 

The solution of Equation 7.53 is very difficult due to the reluctance 

of this equation to converge quickly. An approximation to Equation 7.53 can 

be obtained, from a similar approach as was employed to develop Equation 7.47 

in this case using the area of the drop as the are a of diffusion. The equat~on 

which would apply here would be: 

Nil ... 2 J Do «OB) - (0*» • o,av. 
'I1't 

7.56 

D represents the diffusion coefficient of oxygen as FeO in the sIag 
o 9 

-6 2 -1 
D = 10 cm sec • o 

Equation 7.56 will best approximate 7.53 at small values of (r2-rl). 

Equation 7.56 has been solved for two typical droplet sizes of 2.5 mm and .1 

mm diameter for the emulsion situation and the results are reported in 

Figures 7.21 and 7.22. 

Figures 7.18 and 7.19 are presented to show that if carbon diffusion 

in the droplet were the rate controlling step, the rate of decarburization 

(Equation 7.38) would be some 102 to 103 times faster than that calculated for 

FeO transfer in the slag (assumed conditions [CB] - 4%C a 0.24 moles cm-3; 

-4 -3 [C*] .... 036%C - 2.2 x 10 moles cm in equilibrium with aFeO -.29, PCO·l 

atmoaphere, aFe=l calculated using Equation 7.55). This 2-3 order of 
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magnitude difference confirma that carbon diffusion will not appreciab1y 

effect the decarburization rate. 

B Reaction with Oxysen in Foam 

Ca1cu1ations of rates of decarburization of an iron drop by the 

oxygen gases of a foam can be made for the case of carbon effusion, using 

Equation 7.38, where CO nuc1eation is assumed to occur at the drop1et surface 

in the foam. In absence of information with regard to the composition of 

the foam gas, composition of the gas has been assumed to be pure oxygene 

In this case the concentrations of the diffusing species are: 

[CB] = 4%C = .024 moles -3 cm 

[C*] (Equation 7.43) = 6 x 10-5 moles cm-3 

Resu1ts of ca1cu1ations using Equation 7.38 are p10tted in Figures 7.21-7.24. 

The outstanding feature of the graphs resu1ting from these slag-

meta1 and slag-foam ca1cu1ations is the high rate of decarburization of 

iron drop1ets, especia11y those of sma11 diameter. This occurrence is proved 

important when referring to Figure 6.11, where the difference in carbon con-

tent of the emu1sified drop1ets and the bu1k iron layer (approximate1y 1.8%C) 

is much greater than that predicted by drop1et ejection (.20-.25%C). 

It'is a1so apparent that decarburization takes place much more 

quick1y in the oxygen foam than in the slag medium itse1f. It must be rea1ized, 

however, that the oxygen in the foam will quick1y be dep1eted and di1uted by 

CO as it evolves at the surface of the meta1 drop let. Thus the gas-meta1 

reaction may rapid1y decrease and the foam may consist principa11y of CO. 
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1200 

CALCULATED CURVE BASED ON UNSTEADY 
STATE MASS· TRANSFER OF FeO IN SLAG 

(EQUATION 7.38) 

DROP SIZE - 2.5 mm DIAMETER 

1800 

TIME (SEC) 

Figure 7.21 Emulsion Drop in Slag ( aFeO • 0.29 ) 
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o 1 2 

CALCULATED CURVE BASED ON UNSTEADY 
STATE MASS TRANSFER OF FeO IN SLAG 

(EQUATION 7.38) 

DROP SIZE - 0.10 mm DIAMETER 

3 

TIME (SEC) 

Figure 7.22 Emulsion Drop in Slag ( aFeO - 0.29 ) 
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10 

CALCULATED CURVE BASED ON UNSTEADY 
STATE MASS TRANSFER OF CARBON AND 
OXYGEN IN 'THE IRON DROP 

DROP SIZE - 2.5 mm DIAMETER 

15 20 25 

TlME (SEC) 

Figure 7.23 Iron Drop in Oxygen Gas of Foam. 

CALCULATED CURVE BASED ON UNSTEADY 
STATE MASS TRANS FER OF CARBON AND 

Û OXYGEN IN THE IRON DROP 
~ 

DROP SIZE - 0.10 mm DIAMETER 
2.0 

1.0 

o 0.01 

TIME (SEC) 

Figure 7.24 Iron Drop in Oxygen Gas of Foam. 
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C Turnover of Drop1ets in Slag 

The drop let decarburizadon data can be used to estimate the rate 

of turnover ~f iron droplets in the slag foam and metal/slag emulsion by 

emp10ying Equation 7.39. If each drop is assumed to be comp1etely decarburized 

before returning to the iron layer, the AC will be given by the bath carbon c 

content less the amount of decarburization of the drop in the above atmosphere. 

Initially AC would be 4%C - .25%C • 3.75%C. The resu1ting circulation rate c 

of iron droplets wou1d be: 

m = dC c 
dt 

M 
60AC 

c 

= .258 x 6600 
60 x 3.75 

-1 = 7.5 gm sec 

7.39a 

Thus 7.5 gm of iron, which is equivalent to .1% of the total metallic iront 
~ . 

must enter and leave the slag every second to account for the observed reaction 

-1 rate of .258%C min • 

-1 This value compares well with the rate of 4.0 gm sec predicted 

on the basis of cavity oscillations (Equation 7.38). Further droplet forma-

tion might possib1y arise from direct stirring of metal into the slas. 

The relative importance of each mechanism is tabulated in Table 

7.6 for the test (Q = 1.125 SCFM, h = 1 1/2 inch) 



Mechanism and Location 

Cavity beneath jet 
- oxygen absorption 
- carbon effusion 

Total 

Drops Ejected into 
the atmosphere by 
Cavity oscillation 
(total C effusion 
and O2 absorption) 

Drops in Emulsion 
(Slag-metal reaction) 

Drops in Foam 
(02-meta1 reaction) 

Observed overall Bath 
Decarburization Rate 
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TABLE 706 

Rate of Reaction 

-2 -1 moles cm_4sec 
308 x 10_4 6ul x 10_4 9.9 x 10 

-1 48-60%C min 

.08-4807 %C min 

-1 70 2-52.1 %C min 

Rate of Carbon 
Removal from 
the batho 

-1 .017 %C min 

-1 .008 %C min 

-1 .258 %C min 

Table 7,5 summarizes the high temperature results and shows 

very clearly that the principle route of reaction is between slag and metal 

in emulsion form and/or between gas and metal in foam formo In fact under 

experimental conditions 90% of the rate must be attributed to reaction in 

the slag emulsion or foamo 
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7.3 Summary of Experimental Findings 

Examination of Table 7.2 which compares measured NaHC03 reaction 

rate with the rate predicted by HC1 absorption at the gas cavity, shows this 

mechanism to be re1ative1y unimportant (20-25% of total rate) except at 

conditions of low f10w rate or high lance height. At these conditions, the 

depth of penetration into the aqueous layer is very sma11 and the amount of 

sp1ashing is a1so very sma11. However, at higher f10w rates and lower lance 

heights this mechanism p1ays a secondary ro1e and sp1ashing of NaHC03 solution 

drop1ets into the HC1 atmosphere accounts for the major portion of the reaction 

rate as demonstrated in Section 7.1-2. 

Table 7.5 revea1s a simi1ar phenomenon in the high temperature system 

as was observed in the low tempe rature case. Decarburization rates as predic-

ted by oxygen absorption and carbon effusion at the gas cavity predict rates 

which are 3-6% of the measured values. 

The second mechanism, invo1ving drop1et ejection into the oxidizing 

-1 atmosphere, predicts a decarburization rate of .009 %C min as compared to a 

measured rate of .258%C min-1 for the test Q=1.125 SCFM, h=l 1/2 inCbes. 

This mechanism thus accounts for approximate1y 3% of the total reaction rate. 

The re1ative1y sma11 importance of the first two mechanisms in 

determining the rate of decarburization 1eads to the conclusion that mechanism 

3, which invo1ves the reaction of emu1sified drop1ets with the slag and with 

the gas of the slag foam, is the most important mechanism. The high rate of 

decarburization of sma11 iron drop1ets under these conditions, as shawn in 

Figures 7.21-7.24, substantiates this theory. 
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An important step in validating this theory would be measurement 

of the rate of continuous creation of emulsion drop lets and the rate of 

return of reacted droplets to the iron bath" These emulsification rates 

have not been directly measured, but calculations based upon measured 

decarburization rates indicate that the turnover rates are in the order 

of 6% of the metal bath per minute of lancing. 

The speed at which the iron drops leave the slag region depends 

upon emulsion and foam stability. The stability can be altered by changing 

the slag composition, and surface active nature and hence, to some extent 

at least, the residence time of iron drop lets in the slag can be controlled. 

Control of slag composition will, therefore provide a means of 

controlling the decarburization rate. 



- 176 -

CONCLUSIONS 

1. Agas cavity, which penetrates through the slag layer into the metal, 

was observed beneath the jet in both low and higll temperature systems. 

2. The cavity in the low temperature model was uns table , in both the 

horizontal and the vertical plane. 

3. An emulsion and foam are formed by the force of the gas jet upon the 

two liquid system~ which can be stabilized by the addition of surface active 

agents. The degree of emulsion formation increases with increasing flow rate 

and decreasing lance height. 

4. Slags contain chains and rings which can produce stable foams and 

eruulsions in a steelmaking system. The most important surface active agents 

in slags appear to be silicate and phosphate chains. 

5. Reaction rates have been shown to increase with increasing nazzle diameter 

at constant gas velocity, with increasing flow rate and decreasing lance 

height. 

6. Gas utilization efficiency increases with increasing lance diameter at 

constant gas velocity, with increasing flow rate and decreasing lance height. 

7. The low temperature gas cavity was observed to attain a regular maximum 

and minimum penetration, the minimum penetration terminating with ejection 

of lower liquid in the form of droplets. Regular drop ejection was observed 

in the high tempe rature system indicating a similar regular maximum and 

minimum penetration mechanism as in the low temperature system. 
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8. Ejected drops react quick1y with the atmosphere due to the high surface 

to volume ratio of a sphere. In the absence of reaction in the upper layer, 

the drop-atmosphere reaction can account for most of the total reaction. 

9. Reactions between metal drops and oxidized slag and the gas of slag 

foams are extreme1y important mechanisms in the decarburization process. The 

high temperature experiments have shown that up to 90% of the total reaction 

can be between drop lets and slag or foam. 

10. Metal turnover through the slag in the order of 6% of the bath per 

minute can account for the observed indus trial reaction rates. 
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4.0 

3.0 

2.0 

1.0 

0.20 0.30 0.40 0.50 0.60 0.70 

CONCENTRATION OF RCO; (N or moles 1-1) 

Figure A.1 Curve Re1ating %RCO; to Norma1ity Concentration. 
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A.2 Reaction Rate as a Function of Lance Height 

3 -1 Q = 100 cm sec d = 015 cm ~ = 21 centistokes h = 1.5-3.5 cm 

Lance height 
h (cm) 

3.5 

3.0 

2.5 

2.0 

1.5 

Time 
(min) 

o 
4 
6 
9 

18 

o 
1 
2 
3 
4 
5 
8 

10 
12 

Bath Conc. 
(%HC03) 
4.00 
3.28 
3.16 
2.38 
0.38 

slope-.22 

4.00 
3.72 
3.44 
2.98 
2.70 
2.53 
1.37 
1.13 
0.13 

slope-.31 

o 4.00 
1 3.75 
2 3.26 
3 2.86 
4 2.50 
5 2.39 
6 1.88 
7 0.93 
8 0.43 

slope-,42 

o 4.00 
1 3.55 
2 3.35 
3 2.24 
4 1.64 
5 0.85 
6 0.21 

slope-.62 

o 4.00 
1 3.40 
2 2.71 
3 1.99 
4 1.10 
5.5 0 

slope-.77 

Emu1sified Phase 
Conca (%HC03) 

2.83 
2.93 
1.93 

o 
slope-.22 

3.46 
3.06 
2.64 
2.02 
2.20 
1.06 
0.85 
o 

slope-.30 

3.31 
2.79 
2.28 
1.96 
1.56 
1.47 
0.48 
o 

slope-.42 

2.59 
2.27 
1.67 
1.11 
0.31 
o 

slope-.57 

2.87 
2.11 
1.56 
0.65 

slope-.69 

Volume % 
water in 
emu1sion 

15.0 
13.6 
15.8 
18.9 

Av15.8 

17.4 
13.0 
20.0 
20.3 
17.2 
20.1 
24.8 

Av19.0 

19.1 
19.6 
27.6 
21.2 
27.2 
27.7 
31.2 
30.4 

Av25.5 

." 
18.5 
24.1 
29.9 
27.1 
32.0 
27.0 

Av26.4 

26.8 
32.8 
40.5 
38.6 

Av34.8 
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Au3 Reaction Rate as a Function of Flow Rate 

h = 2.5 cm d = .15 ~ = 21 centistokes Q = 90-120 3 -1 cm cm sec 

Flow Rate Time Bath cone. Emu1sified Phase Volume %, 
(cm3sec-1) (min) (%HCO;) Conc. (%HC0'3) water in 

emu1sion 

0 4000 
2 3088 3.70 1605 
4 3078 3.45 12.5 
6 3.57 3.34 15.7 

90 8 3.56 3.05 16.4 
15 3031 2.88 15.7 
20 3.02 2046 14.2 
25 2.63 2.32 18.0 

slope-.05 slope-.06 Av1506 

0 4.00 
1 3.75 3.31 19.1 _ 
2 3.26 2.79 19.6 
3 2.86 2.28 27.6 

100 4 2.50 1.96 21.2 
5 2,.39 1.56 27.2 
6 1.88 1.47 27.7 
7 0.93 0.48 31.2 
8 0.43 0 30.4 

slope-.42 slope-.42 Av25.5 

0 4.00 
1 3.40 2.81 28.6 
2 2.96 2.42 23.4 

110 3 2.18 1.48 28.8 
4 1.45 0.81 26.9 
5 0.83 0.42 25.8 

slope-.67 slope.64 Av26.7 

0 4.00 
1 3.26 2~78 33.1 

120 2 2.43 1~93 36.5 
3 1.55 0.88 31. 7 
4 0.56 0.08 48.8 

slope-.90 slope-.86 Av37.5 
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A.4 Reaction Rate as a Function of Oi1 Viscositl 

Q = 120 3 -1 d=.15 . h=2.5cm lJ=5.8-56.6 c~ntistokes cm sec cm 

Oi1 Viscosity 'Iime Bath Conc. Emu1sified Phase Volume % 
(centistokes) (min) (%HCOj) Conc. (%HCOj) water in 

emu1sion 

0 4.00 
1 3.30 2.71 27.4 

56.6 2 2.52 1.96 33.8 
3 1.64 1.22 40.3 
4 0.73 0.19 39.2 

slope-.86 slope-.83 Av35.2 

0 4.00 
1 3.33 2.98 33.6 

33.3 2 2.62 1.96 34.9 
3 1. 78 1.25 28.6 
4 0.80 0.12 34.4 

slope-.84 slope-.84 Av32.9 

0 4.00 
1 3.26 2.78 33.0 

20.7 2 2.48 1. 76 36.6 
3 1.68 1.16 37.8 
4 0.56 0.38 40.1 

slope-.82 slope-.81 Av35.6 

0 4.00 
1 3.34 3.02 26.8 
2 2.39 2.39 31.1 

12.5 3 35.3 
4 0.71 a.31 35.4 
4 0.65 0 34.1 

slope-.86 slope-.82 Av32.6 

0 4.00 
1 3.38 2.74 23.8 
2 2.58 2.02 17.9 

5.8 3 1. 76 1.08 18.2 
4 1.17 0.38 8.8 
5 0.16 0 10.0 

slope-.80 dope-.80 Av15.7 
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A.5 Oi1 La~er Thickness 

Q=120 3 -1 h=2,,5 d=.15 cm ll=21 centistokes cm sec cm 

Oi1 Thick. Time Bath Cene. Emu1sified Phase Volume % 
(cm) (min) (%HCOj) Conc.(%HC03) water in 

emu1sion 

0 4.00 
1 3.35 2.83 . 51.4 

0.43 2 2.01 1. 73 52.6 
3 1/2 0.56 0.35 54.7 

slope-.97 slope-. ~3 Av51. 7 

0 4.00 
1 3.25 2.78 36.0 

0.68 2 2.41 1.85 34.5 
3 1.52 1.08 46.3 
4 0.63 0.30 43.7 

slope-.88 slope-.82 Av40.1 

0 4.00 
1 3.26 2.78 33.0 

0.86 2 2.48 1. 76 36.5 
3 1.68 1.16 37.8 
4 0.56 0.38 40.1 

slope-.82 slope-.79 Av35.6 

0 4.00 
1 3.41 2.95 18.3 
2 2.86 2.34 20.2 

1.11 3 2.11 1.44 20.8 
4 1.37 0.68 20.5 
5 0.98 0.31 21.1 
6 0.08 0 18.3 

slope-.66 slope-.69 Av19.9 

0 .4.00 
1 3.68 3.36 17.3 
2 3.00 2.26 17.2 

1.30 3 2.71 1. 78 20.8 
4 2.14 1.57 19.4 
5 1.54 0.82 26.8 
6 1.12 0.29 15.8 

slope-.51 slope-.49 Av19.6 
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A.6 The Effect of a Surface Active Solute on Reaction Rate 

3 -1 Q-120 cm sec h=2.5 cm d=.15 cm ~=21 centistokes 

Surface active agent - IGEPAL soluble in oi1 

.2 volume % IGEPAL 

Time Bath Conc. Emu1sified Phase 
(min) (%HC03) (%HC03) 
0 4.00 .. 
1 3.28 2.61 
2 2.54 1.88 
3 1. 70 1.04 
4 0.72 0.21 

.4% volume % IGEPAL 

0 4.00 
1 3.30 2.71 
2 2.56 1.56 
3 1.80 0.51 
4 0.28 0 

A.2-1f Reaction Rate with no Oi1 Layer 

Q = 100 

Time 
(Min) 

o 
1 
2 
3 
4 

3 -1 cm sec h=2.5 cm d=.15 cm 

Bath Concentration 
(%HC03) 

4.00 
3.29 
2.55 
1.83 
1.07 

Volume % water 
in emu1sion 

42.9 
54.7 
53.1 
43.3 

Av48.5 

49.3 
78.5 
80.6 
80.0 

Av72.1 
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APPENDIX II 

Higb TemEerature Resu1ts 

0 Initial temperature Ti - 1350 C h=1.5 in d=3/32 in Q=. 75-1.125 SCFM 

Flow Rate Time Bath %C Emu1sified Weight % meta1 Volume % meta1 
(SCFM) (min) Phase %C in emu1sion in emu1sion 

0 4.18 
3 4.19 1.39 13.4 7.8 
6 4.12 2.07 10.9 6.3 

0,75 9 4.08 
12 3.92 1.63 12.7 7.4 
15 3.65 1.97 15.2 8.9 
18 3.56 1.88 8.9 5.0 

slope-.061 Av12.2 Av7.1 

0 4.19 
3 4.05 1.57 28.5 17.9 

0.875 6 3.68 1.98 21.20 12.8 
9 3.38 1.86 48.6 34.1 

12 3.01 1.64 56.3 41.3 
slope-.111 Av38.7 Av26.5 

2 3.96 0.96 56.0 41.0 
4 3.55 1.34 35.5 23.1 

1.00 6 3.27 0.98 35.5 23.1 
8 2.69(8 1/2) 0.97 52.2 32.4 

10 2.61 0.87 22.6 13.7 
slope-.173 Av40.4 Av27.7 

0 3.92 
1 1/2 3.86 1. 70 24.6 15.2 

1.125 3 3.40 1.21 52.6 37.7 
4 1/2 2.95 1.20 27.4 17.1 
6 2.67 1.05 77 .0 64.7 
7 1/2 2.29 0.96 32.3 20.7 

slope-.258 Av4208 Av31.1 
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LIST OF SYMBOLS 

-1 mass transfer coefficient of species i in cm sec 

volume of bath cm3 

gm molecular weight of i 

flux of i moles cm-3 

-1 surface tension of water in contact with air dynes cm 

-1 surface tension of oil in contact with air dynes cm 

-1 water-oil inter facial tension dynes cm 

spreading coefficient dynes cm-l 

f f i i in moles cm-2 sur ace excess 0 spec es 

-1 chemical potential of species i cal mole 

activity of species i 

temperature absolute degrees 

universal gas constant 

contact angle degrees 

-3 gas density gm cm 

liquid density gm cm-3 

-1 exit gas velocity of jet cm sec 

gravit y 

slag (oil) thickness cm 

lance height 

metal viscosity centipoise 

slag viscosity centipoise 

metal kinematic viscosity centistokes 

slag kinematic viscosity centistokes 
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-3 molten metal density gm cm 

-3 molten slag density gm cm 

lance diameter 

-1 liquid metal surface tension dynes cm 

-1 liquid slag surface tension dynes cm, 

slag-metal interfacial tension dynes cm-l 

3 -1 gas glow rate cm sec or SCFM 

vessel diameter cm or inches 

momentum flux of gas jet dynes 

depth of depression of gas cavity below metal-slag interface cm 

diameter of gas cavity at metal-slag interface cm 

2 surface area of parabola of revolution cm 

HCl concentration in water moles cm-3 

-3 concentration in water moles cm 

2 -1 diffusion coefficient of HCl in water cm sec 

2 -1 diffusion coefficient of NaHC03 in water cm sec 

reaction interface distance from solution-gas interface in cm 

-1 liquid velocity next to crater cm sec 

concentration of HCl in HC1-Ar mixture % 

concentration of HCl in water moles -3 cm 

drop ejection rate 3 -1 cm sec 

drop ejection -1 rate gm sec 

drop radius cm 

amplitude of cavity oscillation cm 

-1 frequency of cavity oscillation rev sec 
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distance of cavity bottom above maximum penetration cm 

time in sec 

center-line velocity at a distance x from the lance 
tip cm sec-l 

distance from lance tip cm 

center-line decay constant 

half length of parabola arc cm 

weight of liquid in lower layer gm 

concentration of carbon in ir.on mole cm-3 

-3 concentration of oxygen in iron moles cm 

fI i f i i moles cm-2sec-l ux per un t area 0 spec es 

concentration of oxygen in slag as FeO moles cm-3 
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